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ABSTRACT 
Of the 3.6 million wheelchair users (WCUs) living in the United States, 61.6% to 89.5% are manual 
wheelchair users (MWCUs).  Shoulder pain is reported by up to 70% of MWCUs at any given time and 
has been attributed to the high demand, repetitive stresses placed on the shoulders during wheelchair 
propulsion.  Further, up to 78% of MWCUs exhibit neurological evidence of carpal tunnel syndrome.  The 
quality of life that MWCUs experience can be significantly and negatively impacted as a result of these 
conditions.  However, geared wheelchairs have been shown to decrease shoulder pain in MWCUs.  
Therefore, prototypes of 5-speed automatic gear shifting (AGS) wheels for wheelchairs have been 
developed.  The automatic transmission on the AGS system senses the translational speed of the 
wheelchair as well as the torque exerted on its handrim by a MWCU and transmits these data wirelessly 
in order to determine the optimal gear into which it should shift.  Methods used to characterize the 
effectiveness of this design included sensor calibrations, benchtop testing and a full system test of the 
automatic transmission electronics.  Speed and torque calibrations agreed qualitatively with, yet 
deviated quantitatively from theoretical and modeled conversions.  Shift reliability testing showed that 
the shifting electronics engaged the desired gear 1200 times without failure and that all one-gear shifts 
had a shifting time between 300-345 ms.  Shifting electronics were powered for 26 continuous hours 
under anticipated daily demands on a single battery charge.  However, gearbox lifetime testing showed 
that each gear failed at its sun gear after at most 173 simulated days of anticipated daily mechanical 
demands  and  wear.    Considerable  noise  was  found  in  the  automatic  transmission’s  strain  signal;  
nevertheless, the AGS wheels successfully followed the desired gear determination algorithm during the 
automatic transmission testing, shifting into the desired gears while receiving 215/218 wireless 
transmissions sent during testing.  A study designed to determine whether geared wheelchairs influence 
handrim kinetics and wheelchair propulsion across a variety of terrains is also proposed.  Data from a 
pilot subject who travelled at self-selected speeds across a smooth tile surface, 24ft. of padded carpet, 
and up and down a 15 ft. long ramp with 3.2° grade were analyzed and discussed.  Trials were 
completed in all five gears.  Preliminary results showed that travelling across all terrains in lower gears 
resulted in lower peak torques, while using higher gears typically resulted in higher average translational 
speeds.  The one exception involved travelling across carpet in gear 5, where the subject propelled at a 
lower translational speed.  Work exerted during the carpet and uphill trials were observed to be lowest 
in gear 2.  These preliminary data suggest that geared wheelchairs could reduce shoulder demands 
during wheelchair propulsion.  
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CHAPTER 1 LITERATURE REVIEW 
ABSTRACT 
There were 3.637 million wheelchair users (WCUs) living in the United States as of 2010.[1]  Anywhere 
from 61.6%[2] to 89.5%[3] of WCUs use manual wheelchairs.  Because of the nature of manual wheelchair 
propulsion and the demands it places on their upper extremities, manual wheelchair users (MWCUs) are 
at greater risk for developing shoulder and wrist pathologies.  Up to 70% of WCUs experience shoulder 
pain at any given time,[4] and up to 78% exhibit neurological evidence of carpal tunnel syndrome.[5]  The 
quality of life that they experience can be significantly and negatively impacted as a result of these 
conditions.  In order to ease the burden that wheelchair use places on the upper extremities, a number 
of wheelchair designs have been developed.  The benefits and drawbacks of these designs are discussed.  
However, in order to determine the effectiveness of any manual wheelchair design, the demands on 
MWCUs’  upper  extremities  must  be  quantified.    Therefore,  a  summary  of  the  methodologies  of and 
results from determining handrim and shoulder kinetics is presented in preparation for determining the 
effects on wheelchair propulsion biomechanics of an automatic gear-shifting (AGS) wheel developed 
through a collaboration between IntelliWheels, Inc. and the Human Dynamics and Controls Laboratory 
at the University of Illinois at Urbana-Champaign. 
1.1 WHEELCHAIR USER (WCU) DEMOGRAPHICS 
The American Disabilities Act has afforded greater and more opportunities for participating in society to 
those with disabilities, including manual and powered wheelchair users (WCUs).  However, even with 
improved technology and knowledge regarding wheelchair use, WCUs continue to face problems such 
as locations outside their homes providing insufficient wheelchair accessibility.  This literature review 
will begin by discussing demographics of WCUs in the United States and throughout the world.  
Numbers of WCUs and manual wheelchair users (MWCUs) along with prevalence rates of wheelchair 
use are provided.  Following these demographics, the most common medical conditions that lead to 
wheelchair use and limit the activities of WCUs are listed. 
1.1.1 Number of Wheelchair Users (WCUs) and Manual Wheelchair Users (MWCUs) 
The total number of WCUs in the United States has increased throughout the beginning of the 21st 
Century.  Census data show that there were 222.226 million people who were at least 15 years old living 
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in the US, 2.707 million (or 1.2%) of whom are WCUs.[6]  In 2010, the prevalence of wheelchair use 
increased to 1.5%, with 3.637 million wheelchair users out of 241.682 million US citizens who were at 
least 15 years old.[1]  These statistics correspond to a 3.8% yearly increase in WCUs in the United States, 
which is slower than a predicted 5.2% yearly growth rate in WCUs over this period.[7]   It is closer to yet 
still lower than the 4.6% growth rate between 1990 and 2005.[8] 
The most recent estimates of manual wheelchair use come from Cooper et al.,[2] who use disability data 
from 2002.  They claim that there were 2.2 million WCUs in the United States at that time, 500,000 less 
than the referenced census reports.[6]  By their estimates from census, clinical and market data, Cooper 
et al. predicted that there were about 1.3 million MWCUs in the United States, including those who use 
lightweight wheelchairs, standing wheelchairs, standard wheelchairs weighing over 36 lbs., etc.  Thus, 
from this estimate, 61.6% of all WCUs use manual wheelchairs.  Further, Cooper et al. expect that each 
category of manual wheelchair besides standard chairs will see an increase in number of WCUs using 
that category, suggesting that continued efforts into improving manual wheelchair technology will 
benefit even more people in the future. 
An arguably more complete (though less recent) analysis of WCU demographics from 1994 was 
completed by Kaye et al. at the Disabilities Statistics Center.[3]  They report that 1.679 million WCUs and 
scooter users lived in the United States in 1994.  Of these wheeled mobility device users, 1.503 million 
used manual wheelchairs, some of whom also used electric wheelchairs and/or scooters.  These 
numbers lead to 89.5% of WCUs using manual wheelchairs to some degree.  Regardless of which 
estimate is used, it seems that a majority of WCUs in the US use manual wheelchairs. 
Worldwide WCU census data are not as readily available as US data.  However, Cooper et al. report that 
100-130 million people worldwide have need for wheelchair technology,[2] citing the New Freedom 
Initiative developed by President George W. Bush in 2001.[9]  With a worldwide population of 6.167 
billion people in 2001,[10] these statistics result in 1.6-2.1% of people worldwide who have need of a 
wheelchair.  Cooper et al. also report that less than 10% of those who need a wheelchair have access to 
one.  However, the New Freedom Initiative does not list these statistics.  An alternative estimate 
developed by the World Health Organization in 2008 predicts that about 1% of people in any population, 
i.e., 65 million people worldwide, require wheelchairs (manual or powered).  Again, regardless of which 
is considered, both estimate shows a great need for wheelchair technology throughout the world. 
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1.1.2 Medical Conditions Experienced by WCUs 
As part of their report on disability demographics, Kaye et al. listed the top ten primary conditions that 
lead WCUs to use wheelchairs[3] (Table 1.1).   Of note, over half of WCUs reported a condition other than 
the ten listed as their primary reason for using a wheelchair.  The two most common causes, stroke and 
osteoarthritis, are both conditions associated with aging.  However, other common conditions such as 
multiple  sclerosis,  absence  or  loss  of  leg,  paraplegia  and  “orthopedic  impairments  of  lower  extremity”[3] 
do not necessarily correlate with old age.  Kaye et al. also note the trends of primary conditions leading 
to wheelchair use for those who use manual and powered wheelchairs as well as scooters.  MWCUs 
tended to have circulatory or musculoskeletal problems due to advanced age, while those in electric 
wheelchairs needed their device due to paralysis.  Scooter users were more likely to need mobility 
assistance due to nervous or musculoskeletal system diseases. 
While they do not provide primary causes for wheelchair use, LaPlante and Kaye list percentages of 
WCUs who feel limited in their activities by various conditions[8] (Table 1.2).  WCUs felt limited on 
average  by  1.63  conditions.    The  most  common  conditions  that  limited  WCUs’  activities  were  arthritis  
and rheumatism, which limited the activities of over one quarter of WCUs.  Other conditions that limited 
at least 10% of WCUs included back and spine problems, diabetes, heart trouble and respiratory 
problems.  It is important, therefore, that future changes and improvements of wheelchair technology 
take into account the wide range of conditions that lead to and limitations with wheelchair use.  
1.2 PREVALENCE AND CONSEQUENCES OF UPPER EXTREMITY (UE) PAIN 
As outlined by a comprehensive review on upper extremity pain in WCUs by Chow and Levy,[11] a 
multitude of studies regarding upper extremity (UE) pain in WCUs with spinal cord injuries (SCIs) have 
been conducted over the past thirty years.  At the time of these studies, shoulder pain was reported by 
between 11 and 73% (with a weighted average based on sample size of 44%) of subjects, all of whom 
used wheelchairs and had SCIs (Table 1.3).  Wrist and hand pain is less prevalent, with only 13-55% 
(average 26%) of subjects experiencing wrist and/or hand pain at the time of the studies (Table 1.4).  
However, carpal tunnel syndrome (CTS) symptoms such as pain, numbness or tingling in the wrist or 
hand were noted by 57-74% of subjects, and electrophysiological evidence of CTS was found in 49-78% 
of subjects.  Elbow pain was reported by 9-31% of subjects while the studies were conducted.[11-15]  In 
another study, 56% of WCUs were found to report neck and/or upper back pain within the 24 hour 
period prior to completing the study. The authors thought this pain was potentially due to vibration and 
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poor posture.[16]  Because of the high prevalence of shoulder pain and CTS in WCUs, factors that 
contribute to these conditions will now be discussed. 
1.2.1 Factors Contributing to Shoulder Pain 
A variety of studies have attempted to correlate prevalence of shoulder pain with temporal parameters 
such as subject age and time since SCI.  While some studies have found that the age of a WCU increases  
likelihood of experiencing shoulder pain,[17, 18] other studies suggest that this age-pain relationship is 
either non-existent[19, 20] or confounded by other variables.[14]  This lack of significance may be due to the 
lack of elderly subjects in these studies, since elderly populations tend to experience higher degrees of 
musculoskeletal degeneration such as articular cartilage deterioration.[21]  Instead, time since the 
occurrence of an SCI may correlate better with the presence of shoulder pain.  While some studies have 
shown that time since SCI is not significant[19] or  less  significant  than  a  WCU’s  age,[18] several others 
found significant correlation.[14, 20, 22]  Two studies in particular found that this significance remained 
even  after  accounting  for  their  subjects’  ages.[14, 20] 
One of the leading causes for shoulder pain in WCUs is the high kinetic demands on and overuse of their 
shoulders.  Because higher demands are placed on the shoulders during wheelchair propulsion 
compared to ambulation, the relationship between shoulder demand and shoulder pain in WCUs has 
been extensively studied.  A variety of studies have either hypothesized or confirmed the relationship 
between higher shoulder demand and shoulder pain.[13, 17, 23, 24]  However, by engaging in a moderate 
level of shoulder activity and training, WCUs might be able to prevent or even treat shoulder pain.  
Several studies have found that participation in athletic activities does not significantly impact 
prevalence of shoulder pain in WCUs.[18, 19, 22]  In fact, wheelchair athletes tend to experience less 
frequent and less intense shoulder pain than non-athletes.[25]  Finally, lower muscle strength has been 
correlated with experiencing more intense pain, and rehabilitation has been shown reduce shoulder 
pain in WCUs.[12] 
Beyond these trends, a host of other factors have been shown to affect prevalence of shoulder pain.  
Subject weight has been directly correlated with higher prevalence of pain due to higher demands on 
shoulder during locomotion.[20]  Lal found that women experience shoulder pain more frequently than 
men.[17]  Pentland and Twomey have suggested that physiological differences in the upper bodies of 
men and women may be the cause.[26]  However, other studies have found no such difference in pain 
prevalence between men and women.[18, 19]  Burnham et al. found that shoulder muscle imbalance was 
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significantly correlated with the presence of rotator cuff impingement syndrome and suggest that 
shoulder strengthening and conditioning of weaker muscles should be encouraged.[27]  Finally, while 
some  studies  found  no  difference  in  pain  prevalence  based  on  a  WCU’s  level  of  SCI,[18, 20] other studies 
have found that those who suffer from tetraplegia are more likely to experience shoulder pain than 
those who suffer from paraplegia.[12, 28]  Further, tetraplegics have been found to suffer from more 
intense pain than paraplegics.[28] 
1.2.2 Carpal Tunnel Syndrome (CTS) 
Factors that influence the prevalence and intensity of CTS symptoms, as well as wrist and hand pain, can 
also be split into age-related, behavior-related and miscellaneous factors.  Most studies have found that 
age affects neither the prevalence of carpal tunnel-related neuropathies[29, 30] nor that of wrist pain.[5, 13]  
The study by Yang et al. is the sole exception in the studies reviewed here by finding that older subjects 
tended to exhibit higher rates of median mononeuropathy.[5] The effects of time since SCI, however, are 
more controversial.  Some studies have shown that time since SCI does not affect prevalence of CTS[29, 30] 
and pain.[13]  However, others do show that people who suffered their SCI less recently do show CTS 
neuropathies more frequently.[5, 15] 
Behavioral factors that affect CTS and wrist pain include repetitive tasks and actions that place high 
levels  of  stress  on  WCUs’ wrists.  Chronic repetitive stresses such as those experienced during 
wheelchair propulsion have been linked to carpal instability.[31]  Gellman et al. note that the extreme 
extension  of  a  WCU’s  wrists  during  most  wheelchair  actions  as  well  as  the  repetitive  trauma  experienced  
during propulsion could both lead to the development of CTS.[32]  In particular, weight relief maneuvers, 
transfers and propulsion have been found to cause wrist pain in WCUs more frequently than other 
actions.[13] 
Regarding other factors thought to influence CTS and wrist pain rates, Yang et al. found that higher 
weight leads to higher wrist pain frequency and severity.[5]  Yang et al. also hypothesized that 
handedness may influence wrist pain rates, yet they found no difference between frequency of pain 
between dominant and non-dominant hands.  Pentland and Twomey once again hypothesized that 
women could be at higher risk of experiencing wrist pain.[26]  However, any such relationship has been 
shown to be insignificant.[5]  Finally, WCUs with tetraplegia were shown to have a higher prevalence of 
wrist pain than those with paraplegia.[12]  While no studies were found that explored the impact of 
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carpal tunnel and wrist pain on WCUs’  qualities  of  life,  their  impact  would  presumably  be  negative  or,  at  
the very least, non-positive. 
1.2.3 Effects of Shoulder Pain on Quality of Life 
Lundqvist et al. reported that severe shoulder pain was the only complication faced by WCUs that led to 
lower quality of life scores.[33]  Unfortunately, many daily activities of WCUs tend to cause considerable 
pain, particularly when transferring,[14, 22] propelling uphill[22, 28] or for long periods of time[28], reaching 
overhead[22] and even sleeping.[14, 22, 28]  Pentland and Twomey note that many pain-inducing activities 
such as going to work or school, transferring, outdoor propulsion and driving are all activities needed to 
participate in the community.[14] 
One potential reason for this relationship between pain and quality of life is the limitation in daily 
activities that results from shoulder pain.  Between 11%[34] and 25%[20] of WCUs report feeling forced to 
cut back on their activities due to pain.  Further, Alm et al. found that 80-90% of subjects report some 
degree of limitation and 45-55% report at least moderate limitation in their activities due to pain 
depending on the type of task performed.[18]  Curtis et al. found that tetraplegic subjects completed 
fewer tasks than paraplegics and hypothesized that this trend could be due to their experiencing more 
severe pain.[28]  While most subjects are able to learn to work around their limitations,[23] Dalyan et al. 
found that 28% of their subjects with UE pain report  “limitations  of  independence”  and  that  the  severity  
of their pain was significantly correlated with asking for help in daily life.[13]  This loss of independence 
could lead to significantly lower quality of life. 
A study conducted by Gutierrez et al. in 2007 confirmed the relationship between shoulder pain and 
quality of life.[35]  Higher levels of shoulder pain were also correlated to less physical activity but did not 
significantly reduce community participation of WCUs.  Further, Gutierrez et al. found community 
participation was significantly correlated with quality of life while level of physical activity was not.  
However, even if UE pain does not fully prevent participating in the community, this pain could still 
impact how WCUs participate due to fatigue, lack of endurance, etc.[19]  In turn, WCUs may feel that 
their integration into their communities is limited, lowering their quality of life.[36] 
1.3 WHEELCHAIR DESIGN PARADIGMS 
Despite these issues that they face, WCUs find that their wheelchairs provide them with greater 
independence and ability to integrate into society.[37]  To further increase these benefits while 
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minimizing the disadvantages and risks of wheelchair use, a variety of wheelchair technologies have 
been designed.  These advancements include improvements to traditional manual wheelchairs, 
electrically-powered solutions and alterations of manually-driven wheelchairs that mechanically assist 
with propulsion. 
1.3.1 Traditional Manual Wheelchairs (MWCs) 
Traditional MWCs are typically composed of a chair, two front casters and two large rear wheels with 
rigidly attached handrims that MWCUs push to propel themselves forward.  Several MWC design 
considerations (such as seat position and angle, position of rear axle, and types and sizes of wheels 
used) and their effects on wheelchair propulsion have been outlined by the Rehabilitation Engineering & 
Assistive Technology Society of North America (RESNA).[38]  However, wheelchair weight is of such great 
importance that MWCs are classified according to their weight.  In Midwest states (IL, IN, KY, MI, MN, 
OH, WI), Medicare classifies MWCs that weight over 36 lbs. as depot-style standard wheelchairs (SWCs), 
while those that weight no more than 36 lbs. or less than 30 lbs. are labeled as lightweight wheelchairs 
(LWCs) and ultralight wheelchairs (ULWCs), respectively.[39]  Other sources provide different definitions 
for these classifications.[38, 40]  Although no additional classifications exist, many ULWC designs weigh less 
than 20 lbs., including some that weigh less than 15 lbs.[38] 
Several tradeoffs exist regarding the structural design and properties of the different MWC weight 
classes.  SWCs are easier to fold up, allowing for easier storage and transportation in automobiles.[41]  In 
addition, castors of ULWCs tend to lose contact with the ground more frequently than those of SWCs.[42]  
However, MWCUs who use SWCs tend to run into their surroundings more frequently than those who 
use ULWCs.[42]  Most importantly, ULWCs also provide less rolling resistance, last longer, are more 
durable and cost less to operate over their lifetimes than their standard and lightweight counterparts[38, 
40] despite their higher initial price.  Specifically, ULWCs last 13.2 times longer and are 3.5 times cheaper 
to operate than SWCs (or 4.8x and 2.3x, respectively, as compared to LWCs).[38] 
However, studies have found an overwhelming number of biomechanical benefits and no detriments to 
using ULWCs over the heavier classes of MWCs.  ULWCs are perceived by MWCUs as more comfortable 
and ergonomic than LWCs.[43]  Beekman et al. noted that paraplegic MWCUs with ULWCs travelled 
higher distances at higher speeds while consuming less oxygen than their counterparts who used 
SWCs.[44]  Several studies have attempted to isolate the effects of wheelchair weight by adding weight to 
ULWCs.  One study showed that adding this weight did not produce a significant difference in oxygen 
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consumption, heart rate and sprint-test performance of MWCUs.[45]  However, Cowan et al. found that 
MWCUs propelled themselves faster and pushed with less force across a variety of terrains when their 
chairs were unweighted.[46] 
Based on these and many more findings over the past fifteen years, RESNA poses several design 
recommendations to promote healthy MWCU propulsion.[38]  Wheelchairs should be highly adjustable, 
lightweight and made of a strong material.  MWCUs should position their rear axle as far forward as 
possible without feeling that they risk tipping backwards.  Finally, they should position their wheels so 
that their elbow makes a 100-120 degree angle when their hands hold the tops of their handrims. 
Research on other components of traditional MWCs has focused on the effects of various castor and 
handrim designs.  Castors with suspensions have been shown to transfer significantly smaller shocks and 
vibrations to MWCUs.[47]  Handrims that displace slightly when impacted reduce how quickly MWCUs 
applied their force of impact on the handrims when beginning their pushes, potentially leading to lower 
risk of repetitive stress injuries.[48]  Perhaps counterintuitively, the handrims with the lowest amount of 
displacement provided the greatest reduction in impact application rate and were most preferred by 
subject.  Another handrim design with high friction, flexible handrims reduced peak and total forearm 
muscle activation by 11.8% and 14.5%, respectively.[49]  The authors describe another high-friction, yet 
rigid handrim that found no reduction in muscle activation, suggesting that flexible handrims that 
contour  to  MWCUs’  hands  may  reduce  muscle  demand.    Finally,  Dieruf  et  al.  showed  that  using  
contoured handrims for one to two years led to improvement in symptoms of UE overuse, easier 
propulsion, reduction in wrist and hand pain, and easier completion of everyday tasks.[50] 
1.3.2 Powered Mobility Devices (PMDs) 
Powered mobility devices (PMDs), such as electric wheelchairs and scooters, provide a means of 
mobility with minimal physical exertion required on the part of their users.  The last US census of WCUs 
who use PMDs showed that 155,000 WCUs used electric wheelchairs, while 142,000 used scooters.[3]  
Estimates using 2002 data include 300,000-350,000 electric wheelchair users and 350,000 scooter 
users.[2]  Algood et al. suggested that MWCUs end up switching to PMDs due to weight gain, upper 
extremity pain and/or injury, and lessened physical ability.[51]  Benefits from using PMDs include lower 
energy demands on the user, higher comfort and more stability as compared to using MWCs.[52] 
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There are, however, a number of drawbacks to using a PMD over an MWC.  Electric wheelchairs and 
scooters are more expensive,[3, 52] weigh more,[53] are less portable,[52, 53] require more maintenance,[52, 53] 
are limited in travel range by their battery capacity,[41] and may lead to reduced UE function due to lack 
of arm use.[41]  PMD users also face more accessibility issues.  34.1% of scooter users feel that they 
encounter accessibility problems as compared to 33.2% of MWCUs.[3]  Further, scooter users feel that 
they have lower maneuverability on certain terrains[52] and have difficulty adjusting to the logistics of 
owning a PMD.[51]  Finally, scooter users perceive themselves as having a disability at a higher rate than 
all other mobility device users, including those who use canes, walkers and MWCs.[3] 
1.3.3 Pushrim-Activated Power-Assist Wheelchairs (PAPAWs) 
Pushrim-activated power-assist wheelchairs (PAPAWs) combine elements from both MWCs and PMDs 
into a hybrid system.  This system is activated by manually pushing on the handrims and provides torque 
assistance with a variety of wheelchair maneuvers such as propulsion and braking.  Embedded software 
can also allow the user to coast, compensating for friction and inertial effects. 
This combination of manual and powered wheelchair elements leads PAPAWs to share many 
advantages and disadvantages with these two precursor technologies.  Prices of PAPAWs are 
comparable to that of an average electric wheelchair[54] and are therefore more expensive than MWCs.  
The range of a single battery charge is less for PAPAWs than PMDs; however, PAPAWs can function as a 
MWC without power-assistance after exhausting the battery.[54]  One system added 12 kg of mass and 
2.5  cm  to  the  wheelchair’s  lateral  profile  due  to  the  power-assist electronics and the battery.[55]  
PAPAWs are therefore heavier than MWCs and may present problems when WCUs load their wheelchair 
into their car; however, PAPAWs are considerably lighter than PMDs.  Finally, PAPAWs allow for better 
environmental accessibility than PMDs and perform better across rough terrain than MWCs.[56]  
However, this accessibility did not lead to significantly more community participation or satisfaction.[56] 
Several studies have found a wide range of biomechanical advantages with using PAPAWs over MWCs.  
Kinematic benefits with using PAPAWs include being able to move faster,[55, 56] lowering stroke 
frequency[51] and requiring less range of motion.[51]  PAPAWs also lead to users consuming less oxygen[51, 
54, 55] and having lower heart rates during use.[51, 55, 57]  WCUs also feel that PAPAWs require less exertion 
to operate,[55] particularly on rough terrain such as carpet, up ramps, and across curb cuts and dimple 
strips.[57] 
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1.3.4 Standing Wheelchairs 
Standing wheelchairs combine the mobility of a manual or powered wheelchair with the ability to lift a 
WCU to a standing position.  They are designed to help WCUs maintain bone and muscle integrity in 
their legs, prevent pressure sores and urinary tract infections, and improve circulation.[58]  One early 
design by Churchward moved the WCU into an upright position by using a variety of manually powered 
mechanisms.[58]  The wheelchair was driven by handwheels, while the positioning of the WCU was 
controlled  by  cranks  near  the  user’s  knees  and  arms.    Today,  electrically  powered  standing mechanisms 
exist on both PMDs and MWCs. 
While standing wheelchairs are not as commonly used as other wheelchair designs,[2] WCUs who have 
standing designs report a wide range of benefits from using them.  Even among early designs,[58] 
standing wheelchairs were perceived by their users as stable and safe to use.  More recently, Dunn et al. 
surveyed 99 standing wheelchair users to gauge their satisfaction with using their wheelchairs.[59]  21% 
of WCUs who use standing wheelchairs report more complete emptying of their bladders after 
urination, while others report more regular bowel movements and reductions in UTIs, leg spasticity and 
bedsores.  79% of respondents recommended using a standing wheelchair over a traditional MWC, with 
69% reporting a higher quality of life and no one reporting a lower quality of life.  The majority of 
negative comments from this survey revolved around the device design such as being too heavy, having 
too little ground clearance and not enough maneuverability, and having too many components that 
broke too often. 
In 2005, Shields and Dudley-Javoroski followed an individual with T-10 complete paraplegia who used a 
standing wheelchair in order to observe his behaviors regarding standing wheelchair use.[60]  The authors 
recommended that the subject stand for a total of 20 minutes per day for five days each week.  The 
subject only used his standing 3.86 days per week on average; however, he stood for 130.4% of the total 
recommended time per week.  His mean standing bout lasted 11.57 minutes.  The subject noted that he 
would not use his standing wheelchair for everyday mobility because the chair was heavy, had no 
suspension and could not go up curbs.  However, he also said that he was very satisfied overall with his 
technology both when standing and sitting. 
1.3.5 Handcycles 
Handcycles incorporate a crank mechanism that its user powers using his or her hands rather than 
handrims to propel the device forward.  Two orientations of rank mechanisms exist: synchronous, when 
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the  WCU’s  hands  move  in  sync  with  each  other;  and  asynchronous,  when  his  or  her  hands  move  180  
degrees out of phase with each other.  Handcycling motion allows both pushing and pulling, thereby 
reducing or eliminating the time where no propulsive force is exerted on the mobility system.[61]  This 
motion distributes the loads and muscle demands across a wider range of muscles due to this 
combination of flexion and extension actions.[61, 62]  Further,  handcycles  orient  a  WCU’s  hands  and  wrists  
in such a way that the hand does not need to exert extra localized moments on the hand cranks like 
those typically exerted on handrims.[61]  This wrist orientation may also reduce pressure on a WCU’s  
carpal tunnels, possibly reducing the likelihood of neuropathies.[61]  Disadvantages of this design 
typically include increased difficulty with steering, more complicated braking mechanisms and a wider 
lateral profile.[61] 
As with many other mobility technologies, handcycling (and specifically synchronous handcycling) has 
been shown to reduce muscular demand and increase mechanical efficiency over propelling with 
handrims.  WCUs consume less oxygen and experience a 3% higher mechanical efficiency when using 
handcycles as compared to using similarly sized handrims.[61]  Further, glenohumeral forces with 
handcycling were about 30% lower than those measured when using handrims under similar 
conditions.[62]  Muscles on the rotator cuff that are at particularly high risk of overuse also produced 
much lower forces with handcycling than with using a handrim.[62]  Finally, Van der Woude et al. found 
that synchronous cranking reduced oxygen consumption and heart rate while increasing mechanical 
efficiency during propulsion when compared to asynchronous cycling.[63]  They also note that 
asynchronous cycling required more medio-lateral stabilization during cycling and suggest this 
requirement as the reason for why synchronous cycling was more efficient. 
1.3.6 Levered Wheelchairs 
Levered wheelchairs allow users to push or pull on a lever arm connected to the wheels of the chair in 
order to power propulsion.  WCUs can experience more mechanical advantage during propulsion by 
gripping and pulling higher on the levers, while pulling lower on them requires less hand motion and 
speed.  Subjects who tried levered wheelchairs over a two day period rated them higher in safety, 
comfort and overall satisfaction as compared to traditional MWCs.[64]  However, subjects rated them 
worse in size, adaptability, appearance and crossing obstacles. 
While some ambiguity exists regarding biomechanical disadvantages from using levered wheelchairs, 
most significant differences show that using levers for wheelchair propulsion is preferable to using 
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handrims.  Several of the EMG signals collected by Requejo et al. were significantly lower during lever 
propulsion than handrim propulsion.[40]  Other signals showed a tendency toward being higher during 
lever propulsion, though this difference was not significant.  Other benefits with using levers rather than 
handrims for propulsion include higher mechanical efficiency and a slower cardiorespiratory 
response.[65] 
Winter et al. have produced a levered wheelchair called the Leveraged Freedom Chair (LFC) from bicycle 
parts at low cost for use in third world countries.[66]  The LFC was designed to be made and repaired in 
third world countries, survive harsh environments and function as a traditional manual wheelchair when 
its detachable levers were removed.  Winter et al. received some complaints about the width and 
weight of the system[66] along with how the LFC tipped backwards too easily.[67]  However, subjects felt 
that the LFC handled off road conditions better than traditional MWCs, and most users saw an increase 
in power efficiency.  No mechanical failures besides punctured tires occurred over a four month trial 
period, suggesting that the LFC could successfully survive in its environment.[67] 
1.3.7 Geared Wheelchairs 
Geared wheelchairs incorporate gearboxes into the hubs of their wheels to provide WCUs with 
mechanical advantages for traveling across difficult terrain while also retaining a more traditional 
method of wheelchair propulsion.  Low gears should also allow for easier braking when travelling 
downhill, although no studies have confirmed this hypothesis.  Disadvantages include higher cost than 
traditional MWC wheels and user awareness of what gears are best for traveling across various types of 
terrain.  Geared wheels are made primarily by two companies: MagicWheels, and IntelliWheels. 
The first of these producers, MagicWheels (Seattle, WA), manufactures a set of 2-speed geared wheels 
(2:1 low gear, 1:1 direct drive gear) whose low gear is engaged by users turning a dial on the wheel hub 
while stationary.  When in low gear, the MagicWheels system prevents WCUs from rolling backwards to 
facilitate propelling up a hill.  During a 20 week trial in which subjects used MagicWheels with their own 
wheelchairs, Finely and Rodgers found a reduction in shoulder pain intensity in as little as two weeks.[68] 
Subjects were also asked to perform a variety of tasks both before and after this trial period.  No 
significant improvements were found after the 20-week period, leading the authors to suggest that their 
subjects were able to complete the tasks with high levels of success even with traditional wheels.  
Follow up studies showed a decrease in peak latissimus dorsi, anterior deltoid, pectoralis major, rectus 
abdominis and external oblique EMG signals.[69, 70]  However, overall muscle effort (as measured by 
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integrating EMG signals) was higher when in low gear, suggesting that WCUs may want to limit the use 
of lower gears to situations where they need the additional mechanical advantage. 
 The first IntelliWheels design had 3-speed wheels (1.4:1 low gear, 1:1 direct drive gear, 1:1.4 high gear) 
that could shift while a WCU was in motion.[41]  The wheels allowed both forward and backward motion 
in all gears.  To avoid the user having to consciously decide what gear to engage, the IntelliWheels was 
proposed to incorporate electronics into the wheel design that provided automatic gear shifting (AGS) 
capabilities.  After conducting a usability study of manually shifting wheels, nine out of 11 subjects found 
that the system made at least one of ten different tasks easier, with four out of 11 noting that at least 
half of the tasks were easier with the 3-speed wheels.  Subjects felt that the AGS provided the most help 
with going up a steep ramp and across an uneven doorway threshold.  It was also found that those with 
less trunk control rated the 3-speed wheel system more favorably than those with greater trunk control. 
1.4 WHEELCHAIR UPPER EXTREMITY KINEMATICS MEASUREMENT METHODS 
In order to reduce the demand on the shoulders of MWCUs, the degree to which they are being taxed 
must first be quantified.  One common method for determining musculoskeletal demand is to measure 
joint forces and moments.  Multiple studies have attempted to measure the shoulder kinetics of 
MWCUs during wheelchair propulsion.  The process for doing so can be split into two parts.  First, the 
forces and moments that the MWCUs exerts on the handrim must be measured.  Second, after also 
collecting kinematic data of the hand, arm and shoulder of the subject, an inverse dynamics model can 
be used to calculate the internal forces and moments experienced at each joint. 
1.4.1 Handrim Push Kinetics Measurement Methods 
Measuring  MWCUs’  handrim  kinetics  accurately  is  critical to any analysis of their UEs, no matter if the 
data acquired will be analyzed on their own or used as input for an inverse dynamics model to calculate 
shoulder demands.  Forces are typically split into tangential (to the handrim), radial and medial 
components, which contribute to propulsion, point toward the center of the wheel and point out of the 
wheel’s  face,  respectively.    In  order  to  measure  these  components,  the  wheels  must  be  outfitted  with  
transducers that translate the kinetics at the handrim to a measurable signal.  Load cells are transducers 
that measure forces and torques and convert them into an electrical signal.  Most modern load cells use 
strain gages to measure these forces and moments.[71]  The following is a description of various load cell 
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instrumented wheels and ergometers (stationary chairs) as well as a summary of studies that measured 
kinetics of wheelchair propulsion.  
1.4.1.1 Mounted Strain Gage Load Cells 
One common method for measuring forces and torques applied to the handrim is by mounting strain 
gages directly on the wheels.  A strain gages is a resistor whose resistance changes in response to 
applied tensions or compressions such as those produced on the surfaces of a wheelchair wheel when it 
is propelled.  Strain gages can therefore be mounted to a convenient location on a wheel (such as a 
rectangular bar or spoke) to detect the strain produced during propulsion.  Because it changes on the 
order of millivolts, the strain gage output is typically amplified and filtered before being recorded.  
Finally, the effects of wheelchair propulsion on the signal must be modeled or calibrated to translate 
this signal to the desired handrim kinetic measurements.  One of the greatest benefits of using mounted 
strain gages is their low cost compared to other types of load cells. 
The SmartWheels system (Out-Front; Meza, AZ) is one of the most popular strain gage-fitted wheels for 
measuring handrim forces and torques.[72]  The system is a pair of wheels that can fit into most 
commercially available wheelchairs.  The handrims are each connected to the wheel hubs by three 
aluminum beams, each of which is outfitted with eight strain gages.  The signals from these strain gages 
are amplified and filtered before being combined with angular position data from an optical encoder.  
From these sensor data, three-dimensional forces and torques are determined. 
1.4.1.2 Stand-Alone Load Cells 
In 1990, Niesing et al. developed a wheelchair ergometer, a stationary wheelchair biomechanics testing 
device, that could measure handrim kinetics using force and torque transducers.[73]  Their force 
transducers  are  mounted  under  the  wheels’  suspensions  to  measure  the  forces  exerted  on  the  
handrims.  While Niesing et al. did not resolve their forces into tangential and radial components, 
another study that used this device did successfully determine these components using motion 
capture.[74]  The torque transducers, on the other hand, were mounted between the handrims and 
wheels to measure propulsion torque.  In order to minimize error from the inertia of other moving parts, 
these transducers rotate with the handrims. 
As an alternative to SmartWheels for mobile wheelchair biomechanics experiments, Guo et al. 
developed the OptiPush Biofeedback System (MAX Mobility; Antioch, TN), a load cell-instrumented 
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wheel system.[75]  The OptiPush system uses a six degree-of-freedom load cell mounted directly to the 
handrims to acquire wheelchair propulsion kinetics.  The system, powered by a lithium-ion rechargeable 
battery, contains a rotary encoder to determine wheel angle and transmits its data via Bluetooth. 
Most other handrim biomechanics measurement devices use ideas presented in the Niesing et al. 
and/or OptiPush systems and differed primarily on the location of their load cells.  Rodgers et al. 
developed an ergometer whose transducers were entirely contained within the wheel hubs.[76]  Sabick et 
al., on the other hand, mounted the two halves of their load cell onto their handrims and wheels 
separately.[77]  Finally, Wu et al. connected their handrims to their wheels through their load cells.[78] 
1.4.1.3 Validation Methods 
Most methods of validating the electronics of these instrumented wheels focused on calibrating the 
signal from the transducers.  Known static forces were frequently applied to different locations on the 
handrims to determine an initial relationship between strain signals and applied torques.[72, 75, 78]  
Dynamic tests typically involved securing known masses to the handrim and driving the wheelchair on a 
treadmill at a known constant speed.[75, 78]  Guo et al. also validated the accuracy of their measured 
speed and angle.  The SmartWheels system notes a resolution of 2 N and accuracy to within 4.1%,[72] 
while Guo et al. note that their maximum absolute force and torque errors are 3.8% and 2.04%, 
respectively.[75] 
1.4.1.4 Handrim Kinetics Summary 
Peak resultant handrim forces and propulsive moments range from 54.9-167.9 N and 8.3-21 Nm, 
respectively,  depending  on  the  wheelchair  user’s  speed  and  the  resistance  that  the  traversed  terrain  
provided against rolling (Table 1.5).  Peak tangential forces ranged from 31.9-100 N, while peak radial 
forces ranged from 29.4-70 N.  One common measure named fractional effective force (FEF) is a percent 
representation of the tangential force divided by the resultant force.[79]  Values for FEF again span a wide 
range from 46-85% (Table 1.5).  One study by Hurd et al. normalized peak forces to subject body weight 
to more easily compare results across subjects.[79]  Depending on the task, the normalized by body mass 
peak tangential, radial and resultant forces were 0.28-1.07, 0.31-0.50 and 0.45-1.26 N/kg, respectively 
(Table 1.6).    Finally,  studies  have  shown  a  MWCU’s  push  frequency  during  propulsion  to  be  between  
0.66 and 1.32 Hz.[80-88] 
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Several of the studies reviewed describe the conditions that contribute to these wide ranges of push 
forces and moments.  To begin with, MWCUs who used heavier wheelchairs and had higher body 
masses produce lower peak push forces.[85, 89]  Pushing against higher resistance, whether on 
ergometers[80, 81] or across real terrain such as inclines and cross slopes,[79] also resulted in higher peak 
forces.  While some studies saw an increase in push force at higher speeds,[81, 89] another found that 
speed did not have a significant effect on push kinetics.[80]  Regarding other kinetic measurements, one 
study found that FEF significantly decreased at higher speeds.[80]  There also exist some level of 
asymmetry  in  push  kinetics  between  a  MWCU’s  dominant  and  non-dominant hand, particularly when 
propelling outdoors.[79]  While tangential force, all moments and FEF have been shown to not depend on 
seat position, medial and radial forces were higher with seats that were positioned low and behind the 
rear axle.[90] 
1.4.2 Shoulder Moment Measurement Methods 
As previously described, once handrim kinetics have been determined, two additional steps are required 
to measure internal shoulder joint forces and moments.  First, kinematic data of the upper extremities 
must be acquired, typically through motion capture technology.  Then, by combining these kinematic 
data, the handrim kinetics and inertial properties of the upper extremities with an inverse dynamics 
model, joint forces and moments can be calculated. 
1.4.2.1 Kinematics – Optical Motion Capture 
Optical motion capture has become one of the most common ways to acquire kinematic data.  
Reflective  markers  are  placed  at  strategic  locations  such  as  the  subject’s  joints.    Cameras  pick up light 
reflected from these markers and transmit their data to software that triangulates the locations of the 
markers.  Various kinematic data such as joint angles, velocities and accelerations; and segment 
positions and orientations can be calculated from these marker locations.  Care must be taken to keep 
the  markers  within  the  cameras’  range  of  vision.[77]  Motion capture systems commonly used in 
wheelchair biomechanics research include Peak,[76, 91] VICON,[82, 86] Motion Analysis System[77, 92-94] and 
OPTOTRAK.[85, 86]  In addition to being used as input for an inverse dynamics model, kinematic data from 
MWCUs have been used to analyze hand motion during the push and recover phases of propulsion.[89]  
Most propulsion patterns can be fit into one of four categories: arcing, semicircular, single looping over 
and double looping over patterns (Figure 1.1).   
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1.4.2.2 Kinetics – Inverse Dynamics 
Rodgers et al. describe a method that typifies a rigid-segment inverse dynamics model for calculating 
shoulder kinetics during wheelchair propulsion.[95]  Such models generally treat the arm and body as four 
rigid segments (hand, forearm, upper arm and trunk) connected by three joints (wrist, elbow and 
shoulder).  Beginning with handrim kinetics data, the model repeatedly use the Newton-Euler equations 
of motion along with inertial properties of rigid segments[96] and kinematic data to find joint forces and 
moments at the wrist, then at the elbow, and finally at the shoulder.  Those who use inverse dynamics 
models often use Euler angles to translate their kinematic data from a global reference frame to 
segment frames.[77, 86, 92] 
Over the years, studies have tweaked elements of this inverse dynamics method to acquire greater 
accuracy in calculating joint kinetics.  Cooper et al. compared the accuracy of three separate inverse 
dynamics models to a MWCU pushing on a stationary dynamometer: free, where the shoulder and 
sternum were part of the same rigid body but could freely move otherwise; global, which assumed that 
the trunk remained fixed in the global reference frame; and fixed-z, where the trunk did not rotate.[97]  
While the free model was determined to be the most accurate, Cooper et al. recommended their fixed-z 
model due to its simplicity and good agreement with the free model.  Another, more sophisticated 
method used a traditional inverse dynamics as an input to a musculoskeletal modeling program for 
additional accuracy.[94] 
1.4.2.3 Shoulder Kinetics Summary 
Trends in shoulder forces for MWCUs have been consistent across multiple studies that simulate 
propulsion across smooth tile surfaces (Table 1.7).  The largest peak shoulder forces appear in the 
inferior (46.4-58.1 N) and posterior (26.6-58.8 N) directions across a range of speeds and conditions.  In 
addition, lateral forces are typically higher than medial forces.  One study found peak resultant shoulder 
forces of 54.4-75.7 N when pushing on a stationary dynamometer simulating smooth tile.[93]  Larger 
superior shoulder forces have also been found in tetraplegics, potentially increasing the risk of shoulder 
pathology development.[82]  Higher body weight and speed have both been shown to increase shoulder 
forces as well.[85, 86]  Unfortunately, these studies only used or simulated smooth tile surfaces and did not 
look at the effects of other terrain such as carpets, concrete, ramps and cross-slopes. 
Shoulder moment data were not found to be as consistent across studies as shoulder force data (Table 
1.8).  Extension and internal rotation moments were generally higher when pushing across smooth tile 
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than flexion and external rotation moments, respectively.[82, 86]  However, Sabick et al. found these 
relationships were reversed when propelling up a ramp with a slope even as low as 1:20 as well as much 
higher shoulder moments.[77]  Higher body weight and speed also significantly increase shoulder 
moments.[86]  Finally, as a MWCU pushes harder on their handrims, they experience higher shoulder 
moments.[85]  Because higher shoulder moments lead to higher risk of shoulder pain prevalence,[85] 
finding ways to reduce the force necessary for wheelchair propulsion could reduce this risk. 
In 2010, Morrow et al. combined measuring UE kinematics and shoulder kinetics with completing 
various tasks on non-simulated terrains, including level ground and ramp propulsion; and weight relief, 
starting and stopping maneuvers (Figure 1.2, Figure 1.3).[92]  They found significantly higher shoulder 
forces during weight relief and ramp propulsion compared to the other three tasks.  Shoulder moments 
were once again less consistent, though level ground propulsion and stopping produced the lowest 
shoulder moments.  Morrow et al. also noted that ramp propulsion and starting maneuvers produced 
equivalent shoulder moments. 
Many factors have also been shown to affect push frequency.  While seat position[90] and spinal cord 
injury level[82] do not affect push frequency, terrain[87] and push pattern[83] both have a significant 
influence.  Specifically, semicircular and single loop over push patterns result in lower push frequency 
than a pumping pattern.  Benefits from minimizing push frequency include less effort during propulsion 
(as measured by oxygen consumption)[98] and higher risk of developing CTS symptoms.[84]  Thus, it is 
recommended that WCUs use a circular stroke pattern, particularly one that involves moving the hand 
below the handrim.[89]  However, actively minimizing push frequency can lead to higher peak shoulder 
forces in WCUs, which suggests there is a tradeoff between lower and higher push frequencies.  
1.4.3 Terrain Considerations 
Terrain clearly has a large impact on UE kinetics.  In order to find the demands that traveling across 
various terrains place on MWCUs, two approaches have been taken.  The first involves simulating terrain 
on a stationary ergometer by adding resistance to the wheels that subjects push.  Alternatively, other 
studies instruct subjects to propel themselves across real terrain such as ramps, carpet, etc. 
1.4.3.1 Simulation with Ergometers and Dynamometers 
In order to simulate wheelchair propulsion on a stationary device, several design considerations must be 
considered.  In addition to measuring handrim kinetics, these ergometers must include some method of 
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providing controllable resistance to the wheels that subjects push in order to simulate frictional losses 
and slope.  This resistance can be supplied by friction belts,[98, 99] hydraulics,[100] electronic brakes,[73, 101-
103] pulleys and weights,[76] etc.  In addition, the ergometer must account for the inertia of a MWCU 
pushing him- or herself forward, which is typically done by using a flywheel.  Some systems combine 
inertial and frictional resistances by controlling a motor via a computer.[73, 102]  If  a  subject’s  wheelchair  
will  be  used  during  testing,  a  method  for  transferring  power  from  the  chair’s  wheels  to  these  resistive  
elements is also needed.  Mechanical systems used to provide this power transfer can include rollers,[40, 
86, 93, 100, 102-105] geared axles,[99] chains and sprockets,[76, 101] and belt systems.[73]  Alternatively, the 
ergometer itself can function as a stationary wheelchair; however, such designs should have highly 
adjustable  wheels  and  seats  so  that  they  can  simulate  a  subject’s  wheelchair  accurately. 
The application of wheelchair ergometers in research has changed dramatically since the first studies 
that used such devices.  Ergometers were initially used to measure cardiac and respiratory response to 
wheelchair propulsion under various conditions.[98, 99, 101, 104, 105]  Eventually, studies began to collect 
handrim kinetic data as well.  In addition to looking at the effects of specific resistances on handrim 
kinetics,[74, 81, 91] studies began to simulate the resistances of a variety of surfaces such as smooth tile, 
ramps, cross slopes, etc.[82, 85, 86, 103, 106]  Because of the stationary nature of wheelchair ergometers, it is 
much easier to use motion capture to acquire UE kinematic data that allow for determining shoulder 
kinetics.  However, it can be difficult to accurately simulate a range of terrains.   
1.4.3.2 True Terrain 
On the other hand, multiple studies have sacrificed collecting UE kinematic data in order to calculate 
handrim forces and moments on a variety of terrains.  Terrains included in handrim kinetics studies 
include smooth tile, carpet, indoor and outdoor ramps, concrete and cross-slopes.[77, 79, 87, 90, 92, 107]  
Because the effects of terrain are not simulated, there is a reduced risk of unintentionally neglecting 
factors that impact handrim kinetics.  For example, Hurd et al. determined that propelling across 
outdoor  terrains  typically  led  to  higher  kinetic  asymmetry  between  subjects’  dominant  and  non-
dominant sides.[79]  However, it is considerably more difficult to acquire kinematic data due to the 
subject’s  mobility  during  testing.    As  previously  discussed,  one  study  was  successful  in  obtaining  
kinematic data with indoor terrain;[92] however, capturing propulsion kinematics outdoors is currently 
prohibitively difficult.  Nevertheless, new measurement devices (such as inertial measurement units) 
show promise as portable devices for capturing body segment kinematics outside of a motion capture 
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laboratory.[108]  It therefore may be possible in the near future to capture kinematic data in high 
resolution outdoors. 
1.5 THESIS ORGANIZATION 
The remainder of this thesis will be presented in three chapters. 
Chapter 2 focuses on a prototype of an automatic gear-shifting (AGS) wheel system for wheelchairs 
developed by IntelliWheels, Inc. and the Human Dynamics and Controls Laboratory (HDCL) at the 
University of Illinois at Urbana-Champaign.  The goal of this prototype was to create a successful proof-
of-concept set of geared wheels for manual wheelchairs that automatically shift in order to provide 
mechanical assistance to MWCUs during strenuous activities without requiring them to consciously 
change gears.  Electromechanical design, torque sensor calibration, system validation and lifetime 
durability of the AGS wheels are each discussed. 
Chapter 3 analyzes pilot data collected from one subject during a push torque study that would dictate 
changes to the development of a testing protocol of a more comprehensive multi-subject full 
experimental study.  The proposal for this full study is also included.  Initial insights into the effect of the 
AGS wheels on push torque, speed and propulsion biomechanics will be explored through this 
preliminary data analysis.  It was hypothesized that propelling across terrain in a lower gear would 
reduce both speed and peak push torque while completing the desired tasks. 
Finally, Chapter 4 will summarize the findings of the AGS design and the push torque study.  Future work 
for the next generation prototype of the AGS wheels, methods for validating the AGS design and 
changes to the push torque study protocol will also be discussed.  By addressing these concerns, future 
collaborators should be able to achieve a stronger geared wheel design that will provide millions of 
people in the United States and worldwide with a product that makes wheelchair propulsion easier, 
safer and more enjoyable. 
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1.6 FIGURES 
 
Figure 1.1: Typical wheelchair propulsion patterns, including A). semicircular, B). single looping over, C). double 
over looping, and D). arcing patterns.[89]  Used with permission from Elsevier B.V. 
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Figure 1.2: Mean peak shoulder forces during a variety of tasks.[92]  Tasks that do not have statistically 
significantly different peak forces share header letters.  WR = weight relief maneuver.  Used with permission 
from Elsevier B.V. 
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Figure 1.3: Mean peak shoulder moments during a variety of tasks.[92]  Tasks that do not have statistically 
significantly different peak forces share header letters.  WR = weight relief maneuver.  Used with permission 
from Elsevier B.V. 
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1.7 TABLES 
Table 1.1: Leading conditions associated with wheelchair or scooter use, all ages[3] 
All Conditions 1,629 100.00
1 Cerebrovascular disease 180 11.05
2 Osteoarthrosis and allied disorders 170 10.43
3 Multiple sclerosis 82 5.02
4 Absence or loss of lower extremity 60 3.68
5 Paraplegia (paralysis of both legs) 59 3.63
6 Orthopedic impairment of lower extremity 59 3.62
7 Other forms of heart disease 54 3.30
8 Cerebral palsy 51 3.11
9 Rheumatoid arthritis and other inflammatory polyarthropathies 49 3.00
10 Diabetes 39 2.40
Condition
Persons 
(1000s)
Proportion of 
device users (%)
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Table 1.2: Conditions causing activity limitations among adult WCUs living in households, 2005.[8] Used with 
permission. 
Arthritis or rheumatism 25.5
Back or spine problems 17.3
Diabetes 13.5
Heart trouble 13.1
Lung or respiratory problems 10.7
Stroke 8.4
High blood pressure 6.3
Stiffness or deformity of the leg, foot, arm, or hand 6.0
Blindness or vision problems 5.3
Paralysis of any kind 4.9
Broken bone/fracture 4.4
Cancer 4.2
Senility/dementia/Alzheimer's 4.0
Head or spinal cord injury 3.3
Missing legs, feet, arms, hands, or fingers 2.8
Kidney problems 2.7
Mental or emotional problem 2.0
Cerebral palsy 1.8
Deafness or hearing problems 1.5
Mental retardation 1.1
Other 24.5
Condition
Proportion of 
device users (%)
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Table 1.3: Prevalence of shoulder joint pain in WCUs (adapted from Chow and Levy, 2011)[11] 
 
Primary Source 
 
Sample Size 
Shoulder Pain 
Prevalence (%) 
Nichols et al.[11] 563 51 
Bayley et al.[23] 94 31 
Silfverskiold and Waters[11] 60 35 
Pentland and Twomey[26] 11 73 
 
Sie et al.[21] 
136 46 
103 36 
Burnham et al.[27] 38 26 
Pentland and Twomey[14] 52 39 
Lal[17] 53 11 
Dalyan et al.[13] 130 42 
 
Curtis et al.[28] 
92 59 
103 42 
Boninger et al.[34] 28 32 
 
Fullerton et al.[25] 
172 39 
85 66 
Finley and Rodgers[22] 52 29 
Samuelsson et al.[19] 56 38 
McCasland et al.[4] 63 70 
van Drongelen et al.[12] 169 39 
Brose et al.[20] 49 25 
Alm et al.[18] 88 40 
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Table 1.4: Prevalence of carpal tunnel syndrome (CTS) and wrist/hand symptoms in WCUs (adapted from Chow 
and Levy, 2011)[11] 
 
Primary Source 
Sample 
Size 
CTS Symptoms 
Prevalence (%) 
Wrist Symptoms 
Prevalence (%) 
Hand Pain 
Prevalence (%) 
Gellman et al.[32] 77 49 - - 
Tun and Upton[29] 60 50 28* - 
Davidoff et al.[30] 31 55 74 - 
Pentland and 
Twomey[26] 
 
11 
 
- 
 
55** 
 
45 
 
Sie et al.[21]  
136 - 15† 15† 
103 - 13† 13† 
Pentland and 
Twomey[14] 
 
52 
 
- 
 
40† 
 
40† 
Schroer et al.[31] 162 - 43** 43 
Dalyan et al.[13] 130 - 31** 25 
van Drongelen 
et al.[12] 
 
169 
 
- 
 
15**,‡ 
 
- 
Yang et al.[5] 126 78 57 - 
* Calculated from 56% of hands with CTS symptoms experiencing tingling or pain 
** Wrist pain prevalence only 
†  Pain  prevalence only; combined hand and wrist pain 
‡ Left wrist only; right wrist had 14% pain prevalence 
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Table 1.5: Summary of peak handrim kinetics across multiple studies 
 
Primary Source 
Speed 
(m/s) 
Resistance 
Power 
Peak  
Fres (N) 
Mean 
FEF (%) 
Peak 
Ftan (N) 
Peak 
Frad (N) 
Peak Mz 
(Nm) 
 
Richter et al.[109] 1.10 
(.23) 
 
Treadmill 57  
(13) 
- - - - 
 
Kwarciak et al.[88] 1.09  
(.23) 
Unpadded 
carpet 
58  
(11) 
- - - 10.9 
(2.5) 
 1.09 
(.23) 
 
Treadmill 58  
(12) 
- - - 11.0 
(3.0) 
 
Boninger et al.[84] 1.0  
(.1) 
Ergometer, 
tile sim 
67 
(25) 
51†  
(16) 
36  
(18) 
50 
(20) 
- 
 1.6  
(.2) 
Ergometer, 
tile sim 
95 
(31) 
46†  
(16) 
44  
(21) 
73  
(28) 
- 
 
Ambrosio et al.[106] 
 
.9 & 1.8 
 
N/A 54  
(17) 
 
63‡ 35  
(11) 
25  
(16) 
 
- 
 
Robertson et al.[91] 
 
.67 - .89 
 
N/A 
 
77.6* 
 
85† 66  
(14) 
39  
(11) 
 
- 
 
Rodgers et al.[76] 
 
.83 
Ergometer, 
75% subject 
strength 
 
100** 
 
68  
(10) 
 
70  
(22) 
 
71  
(25) 
 
21  
(6) 
 
Kotajarvi et al.[90]  1.48  
(.16) 
 
Smooth tile 
 
58** 55  
(6) 
32  
(15) 
34  
(14) 
8.3  
(3.4) 
 
Boninger et al.[81] 
 
1.3 Ergometer, 
14 W 
 
58.1* 
 
72† 46  
(18) 
33  
(22) 
9.8  
(4.5) 
  2.2 Ergometer, 
23 W 
 
80.1* 
 
73† 62  
(30) 
47  
(20) 
13.3  
(6.0) 
Note: standard deviations are listed in parentheses 
 
* Peak resultant force calculated as magnitude of peak tangential and radial force components 
** Peak resultant force calculated from peak tangential force and mean FEF 
†  FEF  reported  in  primary  source  as  (Ftan/Fres)
2 
‡  FEF  calculated  from  tangential  and  resultant  forces 
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Table 1.6: Peak handrim kinetics during propulsion across various terrain.[79]  Forces have been normalized to 
subject body mass.  Used with permission from Elsevier B.V. 
 
Terrain 
Normalized Peak 
Ftan (N/kg) 
Normalized Peak 
Fres (N/kg) 
Peak Mz 
(Nm) 
Cross slope, 2° grade .28 (.08) .47 (.09) 5.7 (2.0) 
Smooth concrete .38 (.15) .64 (.21) 7.7 (2.3) 
Aggregate concrete .65 (.12) .86 (.20) 13.9 (4.8) 
Outdoor ramp, 3° grade .76 (.20) .99 (.28) 15.8 (3.9) 
Carpet .48 (.06) .67 (.08) 10.2 (3.1) 
Carpeted ramp, 4.8° 
grade 
1.07 (.27) 1.26 (.28) 22.1 (5.9) 
Tile .33 (.11) .51 (.10) 6.8 (2.2) 
Level surface 
dynamometer 
.29 (.10) .45 (.09) 6.2 (2.3) 
Note: standard deviations are listed in parentheses 
 
Table 1.7: Summary of peak shoulder forces across multiple studies 
Primary 
Source 
Speed 
(m/s) 
Peak Shoulder Forces (N) 
Superior  Inferior  Posterior  Anterior  Medial  Lateral  Resultant 
Kulig  
et al.[82] 
1.51* 
(.24) 
14 
(13) 
58 
(13) 
46 
(12) 
24.9 
(6.3) 
- - - 
 1.39** 
(.46) 
7 
(17) 
53 
(10) 
40 
(12) 
23.1 
(6.4) 
- - - 
 1.11† 
(.33) 
21 
(21) 
47.7 
(8.8) 
33 
(11) 
24.2 
(5.7) 
- - - 
 .78‡ 
(.21) 
9 
(11) 
47 
(10) 
27 
(10) 
15.7 
(7.0) 
- - - 
Mercer 
et al.[85] 
.9 
14 
(18) 
- 
47 
(18) 
- - 
21.9 
(8.0) 
- 
 
1.8 
42 
(22) 
- 
59 
(15) 
- - 
35 
(11) 
- 
Collinger 
et al.[86] 
.95 
0 
(13) 
46 
(14) 
36 
(10) 
16  
(10) 
7.2 
(6.8) 
16.1 
(8.4) 
54  
(14) 
 
1.09 
7 
(21) 
48 
(13) 
41 
(14) 
17 
(11) 
9.2 
(7.5) 
17.6 
(9.7) 
59  
(16) 
 
1.74 
21 
(26) 
52 
(19) 
55 
(18) 
30 
(16) 
14  
(11) 
25  
(10) 
76  
(21) 
Note: standard deviations are listed in parentheses 
 
* Subjects with low paraplegia 
** Subjects with high paraplegia 
†  Subjects  with  C7  tetraplegia 
‡  Subjects  with  C6  tetraplegia 
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Table 1.8: Summary of peak shoulder moments across multiple studies 
  Peak Shoulder Moments (Nm) 
Primary 
Source 
Speed 
(m/s) 
 
Extension  
 
Flexion  
 
Abduction  
 
Adduction  
Internal 
Rotation 
External 
Rotation 
Kulig  
et al.[82] 
1.51* 
(.24) 
13.8 
(4.4) 
8.9 
(3.0) 
9.8 
(4.2) 
3.1 
(3.4) 
5.8 
(2.2) 
.2 
(.3) 
 1.39** 
(.46) 
12.4 
(5.1) 
8.7 
(3.2) 
7.8 
(1.9) 
2.7 
(2.5) 
5.0 
(2.5) 
.2 
(.3) 
 1.11† 
(.33) 
9.5 
(5.5) 
8.7 
(2.5) 
5.8 
(2.9) 
2.2 
(3.1) 
2.3 
(1.9) 
.1 
(.3) 
 .78‡ 
(.21) 
8.1 
(3.1) 
6.2 
(2.8) 
6.5 
(2.7) 
.1 
(2.2) 
2.7 
(1.7) 
.2 
(.4) 
Mercer 
et al.[85] 
.9 
17.6 
(7.6) 
- 
4.8 
(2.7) 
- 
7.2 
(0.5) 
- 
 
1.8 
22.8 
(8.6) 
- 
7.0 
(3.3) 
- 
9.2 
(3.7) 
- 
Collinger 
et al.[86] 
.95 
10.8 
(6.0) 
5.4 
(3.2) 
3.2 
(1.7) 
7.1 
(4.2) 
15.3 
(6.1) 
5.1 
(2.8) 
 
1.09 
9.5 
(4.7) 
4.8 
(2.7) 
2.9 
(1.7) 
5.4 
(3.4) 
13.5 
(5.2) 
5.1 
(3.3) 
 
1.74 
14.3 
(6.0) 
7.3 
(3.9) 
3.4 
(2.3) 
10.6 
(5.3) 
20.6 
(8.0) 
7.4 
(5.1) 
Rodgers 
et al.[76] †† 
.83 - 
65 
(22) 
- 
29 
(30) 
- - 
Sabick  
et al.[77] ‡‡ 
Self-
selected 
16.9 
(7.5) 
40 
(14) 
11.5 
(5.5) 
20  
(16) 
3.4 
(2.8) 
12.4 
(5.9) 
Note: standard deviations are listed in parentheses 
 
* Subjects with low paraplegia 
** Subjects with high paraplegia 
†  Subjects  with  C7  tetraplegia 
‡  Subjects  with  C6  tetraplegia 
††  Study  involved  subjects  pushing  at  75%  strength 
‡‡  Subjects  pushed  up  ramp  with  2.9°  grade 
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CHAPTER 2 DESIGN AND VALIDATION OF AN AUTOMATIC GEAR-SHIFTING 
WHEEL 
ABSTRACT 
Of the 3.6 million wheelchair users (WCUs) living in the United States,[1] 61.6%[2] to 89.5%[3] are manual 
wheelchair users (MWCUs).  Up to 70% of MWCUs report shoulder pain at any given time.[4]  To assist 
MWCUs with the demands of propelling across a variety of surfaces, the author has collaborated with 
IntelliWheels, Inc. to develop a five-speed automatic gear-shifting (AGS) wheel for wheelchairs (first 
gear, 2.1:1; second, 1.4:1; third, 1:1; fourth, 1:1.4; fifth, 1:2.1).  An automatic transmission senses how 
fast the wheelchair is moving and how much torque the MWCU is exerting on the handrim and 
transmits these data wirelessly in order to determine the optimal gear into which it should shift.  Several 
methods were used to characterize the effectiveness of this design, including sensor calibrations, 
benchtop testing and a full system test of the automatic transmission electronics.  Although 
experimental calibrations agreed qualitatively with theoretical conversions, both speed and torque 
calibrations deviated quantitatively from their theoretical models.  A shift reliability test showed that 
the shifting electronics engaged the desired gear 1200 times without failure and that all one-gear shifts 
had a shifting time between 300-345 ms.  Shifting electronics that experienced anticipated daily 
demands were powered for 26 continuous hours on a single battery charge.  Gearbox lifetime testing 
showed that each gear failed at its sun gear within 173 simulated days of anticipated daily mechanical 
demands.  While considerably noise was found in the automatic  transmission’s  strain  signal,  the  AGS  
wheels successfully followed the desired gear determination algorithm by shifting into the desired gear 
while receiving 215/218 wireless transmissions sent during testing.  Suggestions are made regarding 
future design and validation considerations to improve future versions of the AGS wheel.  
2.1 INTRODUCTION 
As of 2010, there were 3.6 million wheelchair users (WCUs) living in the United States.[1]  Previous 
estimates and census data suggest that between 61.6%[2] and 89.5%[3] of WCUs in the US are manual 
wheelchair users (MWCUs).  Further, up to 70% of MWCUs report shoulder pain,[4] a factor that 
significantly decreases quality of life in MWCUs.[5]  It is believed that the highly-demanding repetitive 
stresses that are placed on the shoulders during wheelchair propulsion increases the risk of developing 
shoulder pain.[6, 7]  This risk has also been shown to significantly increase for MWCUs with spinal cord 
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injuries as the time since injury increases, [8, 9] suggesting that prolonged wheelchair use has a 
degenerative effect on MWCUs shoulders.  Therefore, it is imperative, that wheelchair technology 
continues to reduce demands on MWCUs shoulders during propulsion. 
Several wheelchair design paradigms have been created to reduce these demands for WCUs.  Powered 
mobility devices (PMDs) such as electric wheelchairs and scooters allow WCUs to be mobile with 
minimal shoulder exertion.  However, PMDs are more expensive, weigh more and are limited in travel 
range by their battery capacities.[10, 11]  Pushrim-activated power-assist wheelchairs (PAPAWs) combine 
elements of manual and powered wheelchairs by providing propulsive torque assistance when WCUs 
push on their handrims.  PAPAWs are, however, considerably heavier and more expensive than manual 
wheelchairs.[12, 13]  Levered wheelchairs, where users push on levers at different heights to propel 
themselves, have shown promise with reducing shoulder exertion.[14]  However, they were also rated 
worse than typical handrim style manual wheelchairs in terms of size, appearance and adaptability.[15] 
There is evidence that geared wheelchairs may also be able to reduce shoulder demands.  MagicWheels 
(Magic Wheels Inc.; Seattle, WA) are 2-speed geared wheels (low and direct drive). Gears are engaged 
by turning a dial on  the  wheel’s  hub.  This system has been shown to reduce shoulder pain after as little 
as two weeks of use and decrease peak shoulder EMG signals when in low gear.[16, 17]  However, 
MagicWheels do not allow for backwards mobility while in low gear and cannot shift while in motion.  
The first IntelliWheels 3-speed automatic gear shifting (AGS) wheelchair design allowed MWCUs to 
move forwards and backwards in all gears and provided automatic shifting during motion.[10]  In a 
usability study conducted using 3-speed manually shifting wheels, subjects were asked to complete 10 
tasks using both the low gear and the direct drive gear.[10]  Nine out of 11 subjects felt that at least one 
task was easier to complete when using the low gear, with four out of 11 noting that at least half of the 
tasks felt easier in low gear. 
To improve upon the design of the previous AGS wheels, a prototype of a bidirectional 5-speed wheel 
with an integrated automatic transmission system was developed.  Goals for this design included: 
 each wheel weighing under 10 lbs., 
 batteries for all electronic systems lasting for 24 hours, 
 99% shift reliability, with shifts occurring in less than 430 ms, and 
 no mechanical failures during a simulated three year lifetime test. 
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The remainder of this chapter is structured as follows: it begins by detailing the mechanical, electrical 
and software design of the AGS wheels as well as the methods for validating the various components of 
the wheels.  Following this section, results from these validation tests and a discussion regarding system 
performance are presented.  Finally, limitations of the wheels and validation methods are listed. 
2.2 METHODS 
2.2.1 System Description 
The AGS system is a pair of 5-speed geared wheels with rotationally actuated gear shifting mechanisms 
(Figure 2.1).  The automatic transmission was designed to sense translational speed and handrim push 
torque and, using sensor readings, determine when to shift into the desired gear. Unlike the first 3-
speed version,[10] there cannot be any electronics mounted underneath the wheelchair frame.  The 
wheels are 13.1 lbs. each, or 3.1 lbs. more than the targeted specification.  The wheels also add 8.3 
inches per side to the lateral profile of the wheelchair. 
2.2.1.1 Mechanical Design 
The AGS mechanism offers the ability to move forward and backward with a variety of discrete 
mechanical advantages similar to the gearing found on a multi-speed bicycle (Figure 2.2).  Each wheel 
uses a planetary gear train contained within a 3 inch diameter gear hub.  The five gear ratios on the AGS 
wheels include 2.1:1 and 1.4:1 low gears, a 1:1 direct drive gear, and high gears of 1:1.4 and 1:2.1.  The 
input  to  the  gear  train  is  connected  to  the  wheel’s  handrim,  while  the  output  connects  to  the  tire. 
This device engages its various gears by locking the sun gear associated with the desired gear ratio via 
one of the pawls that reside within holes bored into the wheel axle (Figure 2.3).  The pawls are spring 
loaded and held down by a sleeve that covers the axle.  The axle sleeve rigidly connects to a shifter disk 
via a pair of bolts, allowing the sleeve to rotate by manually cranking the shifter disk.  Apertures in the 
axle sleeve allow different pawls to poke through the sleeve depending on its orientation.  A key in the 
pawls inserts into keyways on the inner edge of the sun gears, locking that gear into place and coupling 
the handrim with the tire through the desired gear train. 
2.2.1.2 Automatic Transmission Design 
In order to measure translational speed and push torque, each AGS wheel uses a rate gyro (model: 
L3GD20, STMicroelectronics Group, purchased via Pololu Corp.; Las Vegas, NV; item # 2125) and pairs of 
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strain gages (350Ω,  model:  SGD-2/350-LY11, OMEGA Engineering Inc.; Stamford, CT), respectively.  The 
rate gyro directly measures the angular velocity of the given handrim.  Measurements from both wheels 
allow for calculation of both the translational speed of the wheelchair and the angular acceleration of 
the handrims.  Surface strains on the gearbox caused by pushing the handrim are detected by the strain 
gages.  A strain amplification circuit adapted from a design by Miller and Block[18] is used to amplify the 
change in voltage produced by the strain gages when loading the handrims (see Appendix A, Section 
A.1). 
All sensor systems are rigidly held in place on the handrim system of each AGS wheel.  The rate gyros 
and strain amplification circuits are contained within a custom rapid-prototype housing that mounts to 
the handrim support (Figure 2.4).  Pairs of strain gages are adhered on either side of a given spoke using 
a glue designed for strain gages (model: SG401, OMEGA Engineering Inc.; Stamford, CT). The pairs of 
strain gages are placed on three equally-spaced spokes of the input disk of the gearbox after abrading 
and  polishing  the  spokes’  surfaces  (Figure 2.5, Figure 2.6).  Electrical tape was inserted under the strain 
gage leads to electrically isolate them from the metallic input disk. 
For each wheel, the shifting mechanism is actuated by a high torque stepper motor (262 lb-in, model: 
23Y204D-LW8, Anaheim Automation; Anaheim, CA) that is connected to a stepper driver (Big Easy 
Driver; model: ROB-11699, SparkFun Electronics; Boulder, CO).  An optical encoder that is fully enclosed 
within its housing (model: ENC-A3I-2500-250-E, Anaheim Automation; Anaheim, CA) is used for 
positional feedback of the stepper motor to ensure proper orientation of the shifting mechanism after 
each gear change.  Each motor is mounted rigidly both to the wheel axle and to the shifter disk and 
protrudes out from the wheel (Figure 2.7).  The remaining electronics are mounted to the stepper 
motors. 
Several other components are used to control and complement the sensing and shifting capabilities of 
the AGS automatic transmission.  A rapid-prototype shell (material: PA 2200) that houses the sensor 
electronics is held in place on the handrim support by its geometry and has been outfitted with two 
buttons to be used for future functionality (Figure 2.4).  Buttons connected to pulldown resistors are 
mounted to the housing to allow for user interfacing.  To balance the inertial effects produced on the 
handrim system by this housing, counterweights are taped to the handrim support (Figure 2.8).  Within 
the electronics housing, wireless transceivers (model: RFM22B, SparkFun Electronics; Boulder, CO; item 
# WRL-10154) transfer data between the various AGS electronic systems.  Microcontrollers (Arduino 
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Mega R3 and Arduino Uno R3, Arduino, purchased via SparkFun Electronics; Boulder, CO; item #s DEV-
11061 and DEV-11021) are used to control the systems via software.  All electronic systems are powered 
by 7.4V 4.4Ah Li-ion rechargeable batteries (model: 4894, BatterySpace; Richmond, CA). 
2.2.1.3 Software Design 
Signals from the sensors are saved to the microcontroller before being converted to physical quantities 
(translational speed and handrim push torque).  Angular velocity data are obtained from the rate gyro 
via a Serial Peripheral Interface bus.  This angular velocity reading can be converted to linear speed 
based  on  the  gyro’s  settings,  the  geometry  of  the  wheel  and  the  current  gear.    The voltage produced by 
the strain amplification circuit is read into an analog-to-digital converter (ADC) on the microcontroller 
(see Appendix A, Section A.1).  From these data, angular acceleration and push torque can be calculated.  
However, as of now, angular acceleration and torque are not calculated by the AGS system in real time 
but are rather determined post-testing from raw data collected from the AGS wheels.  The controller 
can be put into one of two settings: record mode, and AGS mode.  In record mode, the rate gyro and 
strain gages are each sampled at 50 Hz.  Data from both wheels are transmitted and recorded to a 
computer via a custom data collector.  In AGS mode, gyro and strain data are recorded at 50 Hz and 100 
Hz, respectively, and are passed through an averaging filter that averages the last three raw readings. 
Wireless signaling in AGS mode follows a variation of the master/slave paradigm, with the left wheel 
serving primarily as the master (Figure 2.9).  However, in order to reduce the number of wireless 
transmissions, the shifting process begins with the right wheel sending its data to the left wheel when 
the user finishes pushing the right wheel.  If the left wheel then registers a completed push soon after 
receiving these data, it calculates what gear to shift into based on translational speed and peak torque 
exerted on the handrims during the previous push.  If the desired gear is different than the current gear, 
the left wheel transmits a signal to the shifting electronics to move into the correct gear.  The exception 
to this algorithm occurs when the wheelchair is at rest, whereby the AGS system shifts back to gear 1.  
With this algorithm, the wheels are expected to shift occur only when the user has just completed a 
push on both wheels and a new gear is desired, or when the user is at rest. 
The algorithm used by the encoder to ensure proper motor positioning begins upon receiving new 
desired gear data from the left wheel.  First, a quadrature counter wired to the optical encoder is polled 
and compared to the desired gear position.  If the position of the motor is not within a 0.5° threshold of 
the desired position, the microcontroller will begin to rotate the motor towards the correct position.  
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After every two steps of the stepper motor, the quadrature counter is polled to determine the updated 
position of the motor.  The motor will continue to rotate until it is within the threshold of the desired 
position.  
2.2.2 System Characterization 
To validate the AGS system design, a number of system characterization tests were conducted.  Sensor 
calibrations were performed to experimentally compare collected data to theoretical speed and torque 
models (Section 2.2.2.1).  Tests for determining the shifting reliability, battery capacity and gearbox 
durability of the AGS system were performed on a benchtop test rig (Section 2.2.2.2).  Finally, in order to 
determine the efficacy of the full automatic transmission system, data were collected and analyzed from 
all electronic systems on fully assembled AGS wheels set to AGS mode (Section 2.2.2.3).  Results from 
these tests will follow (Section 2.3). 
2.2.2.1 Sensor Calibrations 
In order to calibrate the sensors on the AGS device, five methods were employed.  First, the AGS wheels 
were mounted to a wheelchair frame and driven on a treadmill to calibrate the conversion from rate 
gyro data to linear speed.  Second, strain gages were mounted to a cantilever beam that was 
subsequently loaded with known weights in order to determine the relationship between strain gage 
signal and theoretical strain in the cantilever.  Third, an FEA model of the handrim system was created 
to develop a theoretical relationship between strain, push torque and other physical parameters.  
Fourth, weights were suspended from the handrim to experimentally find the relationship between 
strain gage signal and push torque.  Finally, the wheelchair was rapidly pushed forwards and backwards 
to confirm the relationship between strain gage signal and angular acceleration. 
Speed Calibration: The rate gyros were calibrated by holding a wheelchair with AGS wheels in place on a 
treadmill while the wheels were driven at constant speed.  The AGS wheels were set to record mode 
while raw gyro data were collected at 50 Hz over 20 revolutions in the wheel.  Two trials were 
completed at four treadmill speeds (targeted to be 0.25, 0.50, 0.75 and 1.00 m/s) in gears 1, 3 and 5.  
Gears 2 and 4 were excluded due to the effects of low and high gears being more pronounced in gears 1 
and 5, respectively.  The true treadmill speed during each trial was calculated by measuring the distance 
travelled  based  on  the  wheels’  circumferences  and  the  time  elapsed  as  measured by a timer on the AGS 
wheels.  The rate gyro signal was converted to linear speed, and its average over the 20 revolutions was 
compared to the true treadmill speed.   Two-factor ANOVA tests were used to determine if treadmill 
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speed and/or gear ratio influenced the signal average and standard deviation over the 20 revolution 
time period.  Finally, the experimental calibration was compared to a theoretical relationship between 
signal and speed (see Appendix B, Section B.1). 
Theoretical Strain Calibration:  Strain gage signals were calibrated to theoretical strain using a cantilever 
beam test rig (see Table 2.1 for details).  After abrading the beam surface using a grinding stone 
powered by a Dremel Digital (model: 3981-01, Dremel; Mount Prospect, IL), the strain gages were 
mounted to the cantilever beam (Figure 2.10).  One end of the cantilever was clamped to a tabletop to 
secure it.  Calibrated weights were suspended from a hole in the cantilever, and the range of strain gage 
data that resulted from each of these weights was recorded.  Theoretical bending moments at the strain 
gage location were calculated for all weights via static analysis.  Strain produced at the strain gage 
location was calculated from these bending moments using a previously derived conversion.[19]  Finally, a 
linear regression was performed between theoretical strains and the midpoints of the strain gage signal 
ranges that they produced.  
Finite Element Analysis (FEA) Torque Model: Static FEA tests were run to determine theoretically how 
strain in the handrim depends on various external and inertial loads.  The geometry of the handrim 
system, including the sensor electronics housing and counterweights, was drawn in SolidWorks.  Loads 
typically seen during wheelchair propulsion were placed at the top of the handrim. Inertial effects of 
angular acceleration were  included  using  SolidWorks’  built-in functionality. Four handrim orientations 
were explored.  All permutations of tangential and radial handrim loads, angular accelerations and 
orientations were analyzed (Table 2.2).  Strain was measured in the model only at locations 
corresponding to where the strain gages are mounted  on  the  AGS  system’s  handrims.    Linear  regressions  
were performed on the data collected from the FEA model.  From these regressions and the data 
collected from the cantilever, a final equation relating push torque to angular acceleration and ADC 
signals was determined. 
Experimental Static Torque Calibration: To validate the dependence between push torque and strain 
gage signals, a static calibration was performed with the AGS wheels set to record mode.  Six known 
masses (0, 0.5, 0.65, 0.91, 2.3 and 5 kg) were suspended from the side of the left handrim while the 
wheelchair was held in place, exerting a known torque on the handrim (Figure 2.11).  ADC data were 
collected during the period when the system was in static equilibrium.  The mean of this ADC signal was 
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calculated.  A linear regression was used to develop a model between push torque and ADC signal.  The 
resulting relationship was then compared to the relationship developed through FEA testing. 
Experimental Dynamic Torque Calibration: Because the FEA torque model demonstrated a significant 
relationship between angular acceleration and strain, a dynamic calibration was also completed to 
experimentally determine the relationship between angular acceleration and strain gage signals.  The 
AGS wheels were again set to record mode and shifted into gear 1.  The wheelchair was then rapidly 
pushed backwards and forwards to angularly accelerate the handrim.  Rate gyro and ADC data were 
recorded, and the rate gyro signal was converted to angular acceleration.  Both angular acceleration and 
ADC data were filtered using a 4th order Butterworth filter with a 1.724 Hz cutoff frequency determined 
through residual analysis.  Ratios of ADC signal to angular acceleration were calculated for all 
timestamps when angular acceleration and ADC values passed thresholds of 3 rad/s2 and 1.25 ADC units, 
respectively.  The geometric mean and standard deviation of the absolute values of these ratios were 
then calculated. 
2.2.2.2 Benchtop Reliability Testing 
A benchtop test rig was designed and fabricated to test an AGS gearbox while exposing it to controlled 
conditions that are typical during wheelchair use (Figure 2.12).  The gearbox was driven by a motor 
(model: P12H-DB11, Yaskawa; Kitakyushu, FKK, Japan) against controlled resistance provided by a 
magnetic particle brake (model: KB-5, Placid Industries, Inc; Lake Placid, NY).  Both the driving power 
and the resistance were transferred to the gearbox using a roller chain system.  A variety of electronic 
and software-based safeguards were included on the test rig to shut it down in the event of a gearbox 
malfunction, failed shift, missed communication signal, etc.  All systems were controlled by LabVIEW 
programs unique to each test run on the benchtop rig. 
Shift Reliability Test: The first set of tests determined the reliability of the shifting algorithm of the AGS 
system while the gearbox was driven at constant speed with no resistance.  A 20-step shift progression 
was used to test shifting with each combination of start and end gear during the first shift reliability test 
(Table 2.3).  However, because gear 5 structurally failed during the first test, the second shift reliability 
test used a 12-step progression in order to bypass this broken gear (Table 2.3).   Approximately 0.5 Nm 
of resistance was applied between shifts to ensure that a safeguard where the test rig would shut down 
if the gearbox stopped spinning would trigger and end the test if the gear did not properly engage after 
shifting.  The time taken to complete each shift was recorded and compared to the targeted shift time of 
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430 ms.  Depending on which type of progression was used, either one hundred 20-step progressions or 
one hundred 12-step progressions were completed during each test. 
Battery Lifetime Test: The methods used for conducting battery lifetime testing for the shifting 
electronics were similar to those used for the shift reliability tests.  After engaging gear 1 and fully 
charging the battery, the shifting electronics continuously completed the 12-step gear progression 
(Table 2.3).  Shifts occurred every 15 minutes.  The motor and brake were turned off for this test in 
order to protect the gearbox from wear prior to the gearbox lifetime test.  The time taken to complete 
each shift was recorded and normalized based on the difference between start and end gears (e.g., for a 
two-gear shift from gear 3 to gear 1, total shifting time was divided by two).  The test was run until the 
motor failed to complete a shift within 3 seconds, at which time the battery was considered exhausted. 
Gearbox Lifetime Test: The gearbox lifetime test involved repeatedly placing expected daily demands on 
each gear until they failed.  Two resistances were placed on the gearbox: 12.2 Nm, which simulated 
propulsion across aggregate concrete;[20] and 22.6 Nm, which corresponds to a MWCU pushing at 75% 
effort.[21]   For every simulated day, gears 1 through 4 each experienced 18 bouts at the low resistance, 
which involved two-step progression shifting from first gear into the desired gear, applying 12.2 Nm of 
resistance while the gearbox was driven through 10 m, removing the resistance and shifting back to first 
gear.  Distance traveled was measured based on the number of revolutions of the gearbox output and 
was determined to be 2 m per revolution based on wheel geometry.  The number of bouts and distance 
traveled simulated typical daily wheelchair demands.[22]  To simulate uphill propulsion, gears 1 and 2 
also experienced two bouts of 22.6 Nm of resistance per simulated day so that approximately 10% of 
the distance traveled in these gears simulated uphill terrain.  The simulated distance travelled in each 
gear for each condition was recorded.  Whenever a gear failed, the gearbox was taken apart and the 
problem diagnosed before lifetime testing resumed for the remaining gears. 
Sun Gear FEA Stress Modeling: In order to confirm the failure modes observed from the lifetime testing, 
stress analyses were performed on models of each sun gear in SolidWorks using static FEA tests (Figure 
2.13).  Loads were placed on the keyway to simulate the force of the pawl on the sun gear as well as on 
the sun gear teeth to simulate forces from the planet gears (see Appendix B, Section B.5.1).  Stress 
distributions and binary factor-of-safety plots were developed from these tests. 
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2.2.2.3 Automatic Transmission Testing 
Six trials were performed with one subject (able-bodied male, 25 y.o., 150 lbs.) propelling the 
wheelchair outfitted with the AGS wheels set to AGS mode.  During the first trial, the subject quickly 
pushed the AGS handrims forward and propelled himself less than one foot on smooth tile in order to 
confirm that automatic shifting was occurring successfully and that all relevant signals were being 
properly recorded.  The remaining five trials involved the subject pushing the wheelchair across flat, 
smooth tile for 10-20 meters at a self-selected speed.  All trials used a shifting algorithm that used an 
ADC threshold of ±30 to determine when the subject was pushing on the wheels and a relationship 
where the desired gear was solely and directly correlated with the average speed of the wheels.  
To  record  data,  the  left  wheel’s  shifting  electronics and both sensor electronics boxes were connected to 
separate  computers  via  USB.    The  right  wheel’s  time  count,  raw  strain  gage  and  rate  gyro  signals  were  
recorded along with data regarding when shifting was allowed and when wireless transmissions 
occurred.  Time, raw sensor signals, shift allowance and wireless activity were also recorded on the left 
wheel along with the data it received from the right wheel.  Data recorded from the shifting electronics 
included time, encoder position, and when it received and transmitted wireless signals. 
2.3 RESULTS 
2.3.1 Sensor Calibrations 
Speed Calibration: The ratios between speed measured by the left rate gyro and the true treadmill 
speed were on average 0.864 ± 0.002 (Table 2.4).  A two-factor ANOVA showed that treadmill speed, 
gear used and their interaction significantly affected this ratio (p = 0.004, 0.019 and 0.001, respectively).  
However, the ratio for any given trial deviated from the average by no more than 0.007.  Signal noise 
within trials was significantly higher at higher speeds (p < 0.001) and significantly affected by gear used 
and interaction (p < 0.001 and p = 0.006, respectively), with standard deviations in signals ranging from 
0.003 to 0.013 m/s.  However, the noise-to-signal ratio was significantly lower at higher speeds (p < 
0.001) and was affected by gear used (p < 0.001), ranging from 0.006 to 0.026. 
Linear speed was originally calculated from rate gyro data by the theoretical conversion, per the current 
gear 𝐺, 
  𝑣(𝐺) = 𝑁ோீ ∙ 𝑛(𝐺) 12288⁄ , (2.1) 
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where 𝑣(𝐺) is  the  wheelchair’s  linear  speed,  𝑁ோீ  is the raw gyro reading, and 𝑛(𝐺) is the gear ratio of 
gear 𝐺 (see Appendix B, Section B.1).  However,, the conversion was divided by the speed ratio of 0.864 
to bring it into agreement with measured speeds.  Thus, the left  wheel’s  rate  gyro  signal-to-speed 
conversion was determined to be  
 𝑣(𝐺) = 𝑁ோீ ∙ 𝑛(𝐺) 10620⁄ .   (2.2) 
Because the cause for this inconsistency between theoretical an experimental speed calibrations is 
believed to be the rate gyro itself, the theoretical handrim angular speed conversion (see Appendix B, 
Section B.1) must also be multiplied by 1.16.  Thus, the conversion  
 𝜔 = 𝑁ோீ 3250⁄   𝑟𝑎𝑑 𝑠⁄   (2.3) 
should be used for any left wheel angular speed calculations. 
Theoretical Strain Calibration: Linear relationships between raw ADC data and theoretical cantilever 
strain were developed for all three strain gage amplification circuits on both AGS wheels (Table 2.5).  On 
average, the relationship found was  
 𝜀 = 4.17 ∙ 10ି଻ ∙ 𝑁஺஽஼ , (2.4) 
where 𝜀 is the combined theoretical strain of the strain gage surfaces and 𝑁஺஽஼  is  the  Arduino’s  digital  
ADC reading.  The standard deviation in this regression coefficient between amplification circuits was 
4.51 ∙ 10ି଼, suggesting around a 1% uncertainty in this signal-to-strain conversion. 
FEA Torque Model: The model between strain, push torque and angular acceleration developed from a 
linear regression on data from the FEA torque model (see Appendix B, Section B.2.2) was  
 𝜀 = (2.32 ∙ 10ିହ ∙ 𝜏) − (2.45 ∙ 10ି଺ ∙ 𝛼), (2.5) 
where 𝜀 is the average input disk strain across all strain gage pairs, 𝜏 is the torque provided by the 
tangential force exerted on the handrim in Nm, and 𝛼 is the angular acceleration of the handrim in 
rad/s2.  On average, radial force was found to not significantly affect strain.  Orientation was observed to 
affect torque directly by up to 0.44%.  Further, radial forces were found to significantly impact strain in 
individual orientations.  By combining the results from the cantilever calibration (Equation 2.4) and the 
FEA model (Equation 2.5) and solving for push torque, the final model was found to be 
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 𝜏 = 0.18 ∙ 𝑁஺஽஼ + 0.11 ∙ 𝛼. (2.6) 
Combining all sources of uncertainty including ADC signal noise, uncertainty in the data from cantilever 
testing and errors from model meshing, and assuming the model is valid, this model is expected to have 
no worse than 14% uncertainty (see Appendix B, Section B.2.1). 
Experimental Static Torque Calibration: A linear regression performed on data from the static 
calibration (Table 2.6) showed that  
 𝑁஺஽஼ = 7.67 ∙ 𝜏.   (2.7) 
The standard error of the regression coefficient was 0.078, suggesting an uncertainty of around 1%.   
Experimental Dynamic Torque Calibration: From the dynamic calibration, ADC signal and angular 
acceleration were found to be inversely correlated (Figure 2.14).  The geometric mean of the ratios of 
ADC signals to angular acceleration measurements was found to be |𝑁஺஽஼ 𝛼⁄ | = 0.55 with a geometric 
standard deviation of 1.50.  Therefore,  
 𝑁஺஽஼ = −0.55 ∙ 𝛼 (2.8) 
 with 50% uncertainty.  Because the effects of torque and angular acceleration on strain signal were 
isolated in these tests, they were combined into a single equation  
 𝑁஺஽஼ = 7.67 ∙ 𝜏 − 0.55 ∙ 𝛼.   (2.9) 
By solving Equation 2.9 for torque, this leads to an experimental push torque model of 
 𝜏 = 0.13 ∙ 𝑁஺஽஼   +   0.07 ∙ 𝛼 (2.10) 
with 1% uncertainty in the ADC term and 50% uncertainty in the angular acceleration term.  Note that 
the coefficients for ADC signal and angular acceleration are about 30% and 40% lower, respectively, than 
the coefficients in the theoretical torque model. 
2.3.2 Benchtop Reliability Testing 
Shift Reliability Test: All 12 shifts successfully resulted in gear engagement for all 100 progressions 
(Figure 2.15).  Each one-gear shift (1 to 2, 4 to 3, etc.) took between 300-345 ms to complete, which is 
less than the targeted goal of 430 ms.  However, the two- and three-gear shifts did not meet this goal, 
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taking 623-676 and 935-974 ms to complete.  The shifting times for a given combination of start and end 
gears generally remained within a 2-3 ms range for all 100 progressions.  The primary exceptions to this 
involved shifting into gear 4, which occasionally resulted in a 38-39 ms increase in shift time than 
typically seen for that combination of start and end gears.  Note that data involving gear 5 are not 
present due to its sun gear breaking during a previous shift reliability test. 
Battery Lifetime Test: The battery lifetime test ran for 26 hours before terminating (Figure 2.16).  After 
normalizing shifting times, shifting took no more than 342 ms/gear during the first 21.5 hours.  
Normalized shifting times became very inconsistent after this point, ranging from 310 to 2320 ms/gear.  
The cause for the test ending was not observed. 
Gearbox Lifetime Test: Over the course of gearbox lifetime testing, each gear train failed within 173 
simulated days, far short of the intended 3-year lifetime (Table 2.7).  Gears 1, 3 and 5 were found to 
have deformed keyways, allowing the pawl to become disengaged when driving the gearbox input 
despite the shifting mechanism being positioned correctly (Figure 2.17).  Further, gear 5 failed without 
resistance  being  applied  to  it  during  the  first  shift  reliability  test  due  to  the  pawl  impacting  the  gear’s  
keyways at high speeds.  Gears 2 and 4 failed across multiple keyways, breaking into multiple pieces. 
Sun Gear FEA Stress Modeling: From the FEA models, high stresses were found within the keyway that 
bore  the  pawl’s  load  as  well  as  along  the  gap  between  gear  teeth  above  this  keyway (see Appendix B, 
Section B.5.2).  The largest stresses existed in the middle of the pawl-bearing keyway; however, because 
this point was a boundary between fixed and free geometries in the model, this stress was ignored.  The 
highest stresses away from this area generally  occurred  somewhere  on  the  surface  that  bore  the  pawl’s  
load.  Gears 2 and 4 had stresses above yield levels along the top and back of the keyway as well as in 
the gap between gear teeth above the keyway, which is consistent with the catastrophic failure across 
keyways seen in these gears during the gearbox lifetime test.  Gears 1 and 5 showed failure occurring at 
the  location  where  the  gear  bore  the  pawl’s  load.  This is also consistent with the deformation of 
keyways seen in gears 1 and 5 during gearbox lifetime testing.  Finally, gear 3 showed failure along the 
bottom edges of the keyway; however, the regions of failure for gear 3 were considerably smaller than 
those for all other gears.  This corroborates the finding during lifetime testing where gear 3 failed last 
during lifetime testing. 
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2.3.3 Automatic Transmission Testing 
With the exception of wireless transmission reliability data, which was collected from all trials, only the 
data from trial 5 are presented here.  Trial 1 did not allow for full performance of the AGS system, the 
shifting electronics were knocked out of place during trials 2-4, and shifting electronics data were lost 
for trial 6.  Average-filtered data, linear speeds and the desired gear were calculated from the raw 
sensor data collected during trial 5.  From these data, comparisons were made between sensor signals 
of the two wheels; between the strain signal and the allowed shifting times for each wheel; and 
between speed data, desired gear and encoder position as seen by the left wheel. 
During trial five, propulsion occurred over a time interval from 16 s to 27 s (Figure 2.18).  Five pushes 
occurred, ending at 19, 20.5, 22, 23.5 and 25.5 s.  Effects from backlash within the system can be seen 
through, for example, the temporary spike in rate gyro data at 16 s and with the short spikes in ADC 
data at the beginning of pushes 2 and 4.  Gear 3 did not engage in the left wheel at 24 s, leading to the 
subsequent deviation in rate gyro readings.  Pushes 3 and 4 resulted in peak ADC readings of around 100 
and 117, respectively, and signal profiles that were visually consistent between the two wheels.  
However, strain profiles of the wheels when at rest and during recovery periods were noisy (standard 
deviation of 4.7, range of -21 to 0 in left wheel between 14 and 16 s) and inconsistent between wheels 
(average ADC signals of wheels during 22-23 s and 24-25 s intervals differed by 22). 
Between 14 and 27 s, the right wheel determined 11 intervals over which shifting was allowed (Figure 
2.19), while the left wheel found six such intervals (Figure 2.20).  Each shift allowance interval lasted no 
longer than 175 ms, which is consistent with the AGS shifting algorithm.  The right wheel sent its data to 
the left wheel eight times, including one transmission at 18 s where shifting appeared to not be allowed.  
The left wheel transmitted three shift commands to the shifting electronics: one each after completion 
of pushes 2 and 4, and once at the end of the propulsion period. 
The AGS system successfully shifted immediately after each of the three shift commands sent by the 
shifting electronics (Figure 2.21).  The gears into which the system shifted agreed with the desired gear 
calculated post-test  from  the  speed  data  collected.    Neither  motor  used  to  actuate  the  wheels’  shifting  
mechanisms visibly stalled during the trial.  Encoder position increased smoothly during the shifting 
periods, confirming the lack of motor stalling. 
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All 183 signals sent by the right wheel during the six trials were successfully received by the left wheel 
(Table 2.8).  Out of the 19 shift signals sent by the left wheel, 3 were missed by the left shifting 
electronics.  All 3 occurred while the motor was correcting its position due to the wheel being pulled out 
of gear.  The remaining 16 transmits were successfully received, all of which occurred when the motor 
was not correcting its position.  The left wheel received confirmation that the shift signal was received 
for all 16 shifts. 
2.4 DISCUSSION 
Similar to the results from the validation methods, the discussion that follows will be divided into three 
sections.  Deviations between theoretical and experimental sensor calibrations will be explored first.  
Following this, the validity of the findings from benchtop reliability testing will be discussed.  Finally, the 
failures and successes of the AGS automatic transmission algorithm will be outlined. 
2.4.1 Sensor Calibrations 
Speed Calibration: Experimental  calibration  of  the  left  wheel’s  speed  showed significant deviation from 
the derived theoretical calculation.  The discrepancy between these speeds could be caused by a 
misalignment between  the  rate  gyro  and  the  wheel’s  axis  of  rotation.    The  rate  gyro  currently  measures  
angular velocity about one axis and, therefore, ignores any non-zero values of the other two 
components.  Measuring angular velocity components about three orthonormal axes and finding their 
magnitude could validate this hypothesis.  However, even though the experimental calibration does not 
agree with the theoretical calculation, the consistency of this discrepancy across multiple gears and 
speeds in the left wheel suggests that it can be calibrated out of each AGS wheel with a single 
experimentally-determined constant.  Because of this discrepancy, speed calibration is recommended 
for each wheel.  Several potential sources for uncertainty in the speed readings have been identified.  
Inconsistencies with sensor-to-treadmill speed ratios between trials may be due to timing errors at the 
beginning and end of the 20 revolutions, a misalignment of the wheelchair along the treadmill or 
hysteresis in the wheel electronics or treadmill between trials.  Signal noise may have been caused by 
possible vibration, inconsistent speed or surface imperfections of the treadmill and by imprecision with 
the rate gyro itself.  Filtering the data in real time could eliminate much of this noise and potentially lead 
to an uncertainty in speed readings near the maximum of 0.8% seen between trials. 
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FEA Torque Model and Experimental Torque Calibration: The dependence of the strain gage signal on 
angular acceleration is due to inertial forces.  When the kinetics acting on the handrim were analyzed 
from the  handrim’s rotating reference frame, inertial force fields such as Euler forces and centrifugal 
forces  appear  to  act  across  the  handrim.    The  masses  on  the  handrim  are  far  away  from  the  wheel’s  
center and produce a large Euler force distributions that act in the opposite direction of the masses’  
acceleration.  Thus, positive angular accelerations lead to negative strain readings.  Such inertial forces 
have been modeled in static FEA tests, though this method has primarily been used for objects with high 
angular velocities such as airplane turbines,[23, 24] engine compressor disks[25] and tires.[26] 
The experimental torque calibration showed that the model overestimated the amount of torque for a 
given strain gage signal and angular acceleration.  Specifically, experimental torque was around 70% of 
the torque predicted by the model.  One potential cause for this discrepancy may be the surface 
preparation used on the cantilever test rig.  The cantilever surface onto which the strain gages were 
mounted was much rougher than the input disk surface, potentially leading to an incorrect strain gage 
calibration.  Redoing this strain gage calibration on a cantilever beam whose surface is prepared 
similarly to the input disk might bring the theoretical and experimental torque models into closer 
agreement.  Also, sensors on the FEA model could have been placed in different locations compared to 
those on the handrim.  Because stress was not constant along the input disk beams in the FEA model, 
this may have led to reading the wrong strain from the model.  To improve the consistency of strain 
gage placement, lines could be etched into the spokes of the input disk during its manufacturing with 
which strain gages could be aligned.  However, because placement of these strain gages may still be 
inconsistent, experimental torque calibration is also recommended for each AGS wheel. 
Experimental Dynamic Torque Calibration: The thresholds used for the angular acceleration-strain 
calibration were chosen so that all ratios of strain to angular acceleration were negative.  The Euler force 
acting on a point mass m with angular acceleration ?̇?  and position relative to the axis of rotation 𝒓 is 
𝑭ா௨௟௘௥ = −𝑚 ∙ ?̇? × 𝒓.  It can be shown that this force distribution produces a torque in the direction 
opposite that of angular acceleration; therefore, the strain-to-acceleration ratios should be negative.  
Choosing these thresholds led to a very high level of uncertainty in the average strain-to-acceleration 
ratio, potentially suggesting a nonlinear relationship.  However, theory and modeling both showed that 
the relationship between strain and angular acceleration is linear, thereby indicating that a more exact 
test is needed to more accurately determine this relationship. 
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2.4.2 Benchtop Reliability Testing 
Shift Reliability Test: The shift reliability testing showed the AGS shifting electronics successfully 
reaching the goal of 99% shift reliability under benchtop conditions.  Further, the simulated lifetime 
testing never stopped due to incorrect positioning of the shifting mechanism, suggesting that the true 
shift reliability may be considerably higher than our goal.  The first shift reliability test did show a larger 
degree of variability in shifting times and a number of unsuccessful gear engagements after 75 
progressions were completed (Appendix B, Section B.4).  However, these were likely caused by the 
unrealistically high speeds (shown  by  the  test  rig’s  user  interface  to  be  2.5  m/s  in  direct  drive  rather  than 
0.72-0.93 m/s[27]) caused by the test rig motor initially receiving 48V rather than 30V, the need to swap 
the battery after 80 progressions due to it losing its charge, and gear 5 failing after 85 progressions 
during this test. 
Most  concerning,  though,  is  the  motor’s  tendency  to  stall  when  mounted  to  the  AGS  wheels.    
Specifically, when the wheelchair is occupied, the shifting mechanism experiences additional friction 
that the motor cannot overcome.  This stalling may be caused by additional bending moments within 
the gearbox caused by the additional weight in the chair when occupied. 
Battery Lifetime Test: Although the battery lasted 26 hours during its lifetime test, there are several 
reasons why this result may overestimate its true lifetime.  First, normalized shifting time drastically 
increased after 21.5 hours, suggesting that the motor began to stall at this time due to the lack of 
remaining charge in the battery after this time.  Therefore, it may be more accurate to say that the 
battery has about 20 hours of lifetime.  This runtime could be improved by using a battery with higher 
capacity.  In addition, the stepper driver requires 7V to function properly, while the battery can decrease 
down 5.5V as it discharges.  Therefore, a battery with a higher rated voltage could also increase how 
long the shifter can remain powered on a single charge.  Recommendations include using a battery with 
at least 11.1V and, in the absence of more accurate shifting demands, twice the capacity used in the 
current AGS design (i.e., 9 Ah) to at least double the battery lifetime of the shifting electronics. 
Typical daily demands may not have been estimated properly during the lifetime test.  MWCUs have 
been found to average about 96 bouts per day, where a bout was defined as wheelchair movement that 
lasted at least 5 seconds, had a speed of 0.12 m/s at some point, and ended when traveling less than 
0.76 m over 15 seconds.[22]  The battery lifetime test assumed that shifting would occur during each bout 
and that shifting demands during these bouts were similar to that of the 12-step progression developed 
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for the shift reliability tests.  Further, this test assumed that shifting requirements would be constant 
over a 24-hour period, whereas shifting could only occur during the typical 10.5 hours when a MWCU 
was occupying his or her wheelchair.[22]  Studies that focus on daily shifting demands and trends with 
AGS use are needed to accurately simulate these demands during battery lifetime testing. 
Gearbox Lifetime Test: Sun gear durability was not consistent between benchtop testing results and 
AGS use during wheelchair propulsion.  Gear 3 consistently failed before gears 1 and 2 during human 
subject testing (see Chapter 3), yet it was the last gear to fail during lifetime testing.  The following 
several potential reasons have been identified for this inconsistency.  First, gear 1 was redesigned after 
lifetime testing concluded to strengthen the keyway walls for human subject testing.  Second, gears 1 
through 3 were used on all surfaces during human subject testing.  However, unlike gears 1 and 2, gear 3 
was not subjected to the 22.6 Nm resistance condition during benchtop testing; instead, it only 
experienced the 12.2 Nm resistance condition.  Thus, gear 3 likely had more demands placed on it 
during human subject testing than benchtop testing.  Third, gear 3 had the highest amount of backlash 
in the gearbox and, therefore, might have been subjected to higher impact forces during propulsion.  
Finally, the contact area between the pawl and sun gear keyway is smallest in gear 3, leading to higher 
pressures  on  gear  3’s  keyways.    However,  because  this  problem  was  present  in  both  benchtop  testing  
and human subject testing, this is likely not the cause of the inconsistent failure timings between tests. 
2.4.3 Automatic Transmission Testing 
Attempts were made to replicate and determine the source of the noise and recovery period offsets in 
strain signal seen during the automatic transmission testing.  This behavior was not encountered to this 
severity during human subject testing (see Chapter 3); thus, the setup for human subject testing was 
replicated and gradually transitioning to the automatic transmission testing setup. Such transitions 
included, in order, recording data through USB instead of wireless signaling, setting the wheel from 
record mode to AGS mode, mounting the shifters to the wheels, turning the shifters on and moving to 
the site of the automatic transmission testing.  No noticeable change to ADC signal noise occurred as a 
result  of  recording  using  USB,  change  the  wheel’s  mode,  mounting  the  shifters  or  turning  the  shifters  on.    
The noise seen in the left wheel was replicated only after moving to the automatic transmission testing 
site,  suggesting  that  the  wheels’  environment  can  potentially  impact  their  strain  signals.  Recovery 
period offsets seen in the right wheel during automatic transmission testing were unable to be 
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replicated.  In order to attempt to replicate this problem and/or collect additional data on the AGS 
system, additional automatic transmission tests are recommended. 
In addition to unintended wireless transmissions from the right wheel caused by this noise, two other 
sources of incorrect periods of shift allowance and data transmissions were identified.  At 18 s, the right 
wheel transmitted data without a concurrent shift allowance period.    This  was  due  to  the  right  wheel’s  
ADC signals hovering around 30, which was the chosen threshold for pushing.  It was found that the shift 
allowance algorithm did not take this situation into account; this bug has since been corrected.  An 
undesirable allowance in the right wheel at 23 s was due to a signal peak caused by impacting the 
handrim at the start of a push.  This could be corrected by using separate thresholds for the beginning 
and ending of a push similar to a Schmitt trigger,[28] an analog-to-digital comparator circuit with 
hysteresis (Figure 2.22). 
However, the automatic transmission tests also highlighted several successful elements in the AGS 
electronics.  Shifting only occurred at the end of pushes and when the subject came to rest as expected.  
Further, the  shifting  algorithm’s  success  during  the  shift  reliability  testing  was  replicated  during  
wheelchair propulsion, positioning the shifting mechanism properly without the motor stalling across all 
trials.  When the shifting electronics were knocked out of place during trials 2-4 by  the  test  equipment’s  
cords, the motor successfully shifted the wheel back into gear.  Finally, wireless reception was perfect 
except when the motor was actuating the shifting mechanism.  This exception was likely caused by a bug 
in the shifting electronics algorithm.  As of this writing, this bug has not been located or corrected and 
remains to be addressed.  Testing that includes the transmission of wireless signals to a shifter system 
that is constantly or periodically actuating is recommended to determine the conditions under which 
wireless signals are ignored by an actuating shifter. 
2.5 LIMITATIONS AND FUTURE WORK 
Major  design  limitations  of  the  AGS  wheels  include  the  gearbox’s  durability  along  with  the  heavy weight 
and large lateral profile of the wheels.  To improve the durability of the sun gears, the engagement 
mechanism of the next AGS prototype will use dog clutches rather than pawls.  This design change will 
likely limit the number of speeds in the wheel to three rather than five.  Further, all electronics will be 
mounted to a custom PCB and integrated into the gearbox to reduce the weight and profile of the 
wheel.  A single power source could then be used for all electronic systems to further reduce weight. 
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Two issues with collecting strain data have been identified.   First, the direction in which the handrims 
were last pushed produces a noticeable hysteresis effect on the strain readings.  A cause for this 
hysteresis has not been identified, although exploration of any possible plastic deformations of the input 
disk and adhered strain gages is recommended.  Second, environment were found to affect the 
variability in strain readings in the left wheel,  and  the  Arduino’s  ADC  pins  periodically  increased  strain  
readings in both wheels.  To reduce this noise, two measures are recommended.  Strain gage voltage 
could be  read  by  an  external  ADC  chip  rather  than  the  Arduino’s  ADC  ports  to  reduce  any  noise  in  signal  
caused by the microcontroller.  Second, the software algorithm should be updated to filter strain data in 
real-time. 
Several improvements could be made to the validation methods as well.  First, the timing systems on the 
wheels were not calibrated to real time.  A LabVIEW program could be designed to compare the time 
counts of the electronic systems to calibrate these timers.  Second, a more controlled method of 
determining the relationship between angular acceleration and strain must be found to reduce the 50% 
uncertainty in the relationship between angular acceleration and strain signal.  Third, FEA modeling will 
have to be redone to account for the geometries, masses and strain gage locations of the new design.  
Dynamic FEA tests that use time-dependent handrim force profiles could improve future models, while 
improved surface preparation of the cantilever test rig could provide more accurate strain gage 
calibration.  Fourth, while any differences in calibration of the two wheels are expected to be negligible, 
the  right  wheel’s  speed  and  torque  signals  were  not  calibrated.    Such  calibrations  should  be  performed  
to confirm this assumption or determine the degree to which signals vary between wheels.  Finally, the 
lifetime testing did not test gears 3 and 5 at high and average resistances, respectively, due in part to 
the  motor’s  power  supplies  not  producing  enough  current.    Additional  power supplies rated for 30V 
should be connected to the test rig motor in order to allow it to overcome these resistances when 
driving the gearbox.  At least 4A of additional current at 30V is recommended.  Updated resistance 
values for the lifetime testing could also be determined from the push torque study (see Chapter 3). 
2.6 CONCLUSION 
Five-speed geared wheelchair wheels with automatic transmissions were developed and successfully 
met the desired benchmark for shift reliability, yet failed to meet the desired weight or simulated 
lifetime.  Battery life tests suggested but did not definitively show that their lifetimes exceeded the 
target of 24 hours.  An FEA model was able to determine a relationship between push torque, strain 
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gage signal and angular acceleration.  Experimental calibrations of the speed and torque sensors showed 
qualitative agreement with, yet deviated by around 30-40% from, theoretical and modeled results.  The 
automatic transmission successfully shifted into the desired gear at the end of pushes, though future 
improvements could be made to both the quality of the strain signal and the shifting algorithm. 
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2.7 FIGURES 
 
Figure 2.1: AGS wheel with all electronic systems attached. 
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Figure 2.2: CAD representations of AGS gearbox with manual shifting handles (red).  Shown in a) assembled view 
and b) exploded view. 
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Figure 2.3: CAD representations of the AGS gearbox shifting mechanism.  a) View of the shifter disk screwed into 
the axle sleeve.  By spinning the shifter disk, the axle sleeve rotates about the axle, allowing different pawls to 
individually spring up into a sun gear.  b) View of a pawl engaging a sun gear without the shifter disk.  The pawl 
springs up into the keyway along the inner edge of the sun gear. 
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Figure 2.4: Sensor electronics housing and systems.  Views include a) housing mounted on handrim support; b) 
electronics housing with all electronic systems connected; c) exploded view of sensor electronics. 
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Figure 2.5: Strain gage mounted to input disk.  The film containing the resistive element of the strain gage is 
adhered directly to the input disk using an adhesive designed for the strain gages (SG401, OMEGA; Stamford, 
CT), and the leads/wires are taped and electrically isolated from each other and the input disk with electrical 
tape. 
 
 
Figure 2.6: CAD representation of ideal strain gage location on the input disk.  Note that one edge of the strain 
gage is along the edge of the fillet nearest to the input disk center.  The midline of the strain gage is 0.15 in. 
closer to the center of the input disk than the midline of the spoke to which the gage is attached (shown). 
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Figure 2.7: Shifting electronics mounted to the AGS wheel with all systems and battery plugged in.  When fully 
assembled, the motor is connected to the shifter disk via machine screws (not shown) and spins itself around its 
axis, causing the shifter disk to also rotate and the wheels to engage into various gears. 
 
 
Figure 2.8: Counterweights mounted to a handrim support with duct tape in order to balance the inertial effects 
on the handrim caused by the sensor electronics housing.  Two 2.5 in. long, 0.7 lbs. counterweights made from 
oversized  keystock  (1”  x  1”  cross  section,  McMaster;  Elmhurst,  IL;  item  #  98830A429)  were  taped  7 in. away 
from the from the center of the gear hub. 
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Figure 2.9: Shifting algorithm used in AGS mode.  The full shifting algorithm is shown on the left, while the shift 
allowance subroutine (blue) is shown to the right 
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Figure 2.10: Cantilever setup for theoretical strain calibration.  Weights were hung from the left side of the 
cantilever to strain the surfaces under the strain gages (right).  The strain gages were then plugged into a strain 
amplification circuit within the sensor electronics (not shown).  One end of the beam was secured to tabletop 
via a clamp.   
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Figure 2.11: Setup for the experimental static torque calibration relating push torque to strain gage signal.  
Weights were suspended from a machine screw along the inside of the handrim towards the front of the wheel.  
The suspended weight shown here has a mass of 0.65 kg.  The wheel was held in place by hand and/or by 
someone sitting in the wheelchair. 
 
 
Figure 2.12: Test rig used for benchtop testing. 
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Figure 2.13: General setup for sun gear FEA stress modeling.  Loads (purple arrows) were placed on the side of a 
keyway and on three equidistant gear teeth to simulate forces produced by the pawl and planet gears, 
respectively.    The  right  side  of  the  sun  gear’s  inner  edge  was  fixed  to  simulate  how  the axle held the sun gear in 
place during propulsion. 
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Figure 2.14: Angular acceleration (blue) and ADC readings (red) in left wheel during dynamic strain gage 
calibration.  Times highlighted in green had both angular acceleration and ADC data that fell outside thresholds.  
Therefore, ADC-to-acceleration ratios were calculated during these times and averaged. 
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Figure 2.15: Duration of shifting times during shift reliability test.  Graphs of shift times vs. progression number 
for each combination of start and end gear have been included and displayed based on the difference between 
start and end gears: blue graphs represents one gear shifts (1  2, 4  3, etc.; six graphs total), red graphs 
represent two gear shifts (1  3, 4  2, etc.; four graphs total), and green graphs represent three gear shifts (1 
 4, 4  1; two graphs total).  The targeted shift time of 430 ms is included as a dotted black line.  Note that all 
one gear shifts had a shorter duration than the targeted shift time, while all two and three gear shifts had longer 
durations. 
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Figure 2.16: Duration of normalized shifting times over the course of a battery lifetime test.  Shifting times were 
normalized based on the difference between start and end gears (e.g., if it took 600 ms to shift two gears from 
gear 3 to gear 1, the normalized shifting time would be 300 ms). 
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Figure 2.17: Sun gear driven to failure during gearbox lifetime testing. a) Image of gear 1 after failure.  Sides of 
keyways into which pawls engaged were deformed and, occasionally, sheared off from inner edge of gear.  b) 
Image of gear 2 after failure.  Gear failed catastrophically across six keyways.  c) Image of gear 3 after failure.  
Sides of keyways into which pawls engaged were deformed.  d) Image of gear 4 after failure.  Gear failed 
catastrophically across three keyways.  e) Image of gear 5 after failure.  Sides of keyways into which pawls 
engaged were deformed.   
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Figure 2.18: Average-filtered sensor data from both wheels during trial 5 of AGS system testing.  Average ADC 
data from strain gages (solid blue) and rate gyro data (dashed red) for left (darker) and right (lighter) wheels are 
shown. 
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Figure 2.19: Average-filtered strain gage ADC data, shift allowance and wireless transmissions of right wheel 
during trial 5 of AGS system testing.  Shifting was allowed after each push, at the start and end of the shown 
time interval when the subject was not locomoting, and during three recovery periods at 20.8, 22 and 24.5 s.  
One wireless transmission occurred at 18 s when shifting was expected to not be allowed; all other 
transmissions occurred when shift allowance was expected. 
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Figure 2.20: Average-filtered strain gage ADC data, shift allowance and wireless transmissions of left wheel 
during trial 5 of AGS system testing.  Shifting was allowed after pushes 2, 3 and 4; at the start and end of the 
shown time interval when the subject was not locomoting, and after an impact at the start of push 4.  Three 
wireless signals to shift were transmitted, all during periods when shifting was allowed. 
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Figure 2.21: Translational speeds, anticipated desired gear, and gear position via encoder seen by left wheel 
during trial 5 of AGS system testing.  Desired gear  was  calculated  from  the  average  of  both  wheels’  speeds.    Left 
wheel speed continuously updated during propulsion, while right wheel speed data updated only when speed 
data were transmitted from right wheel.  Desired gear increased as average speed of wheels increased.  Shifting 
electronics shifted successfully and smoothly to desired gears at all three times when shifting electronics 
transmitted a signal to shift.  Note that desired gear jumped instantaneously to gear 1 at 26.5 s due to the right 
wheel speed updating from 0.8 m/s to 0.03 m/s. 
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Figure 2.22: Comparison between responses to a noisy analog signal (U) of a comparator circuit (A) and a 
Schmitt trigger (B).  A) The comparator circuit reads high whenever the analog signal rises above a voltage 
threshold and low whenever the signal falls below the same threshold.  Such a comparator can lead to rapid 
changes in digital signal if noise causes the analog signal to oscillate about the voltage threshold.  B) The Schmitt 
trigger reads high if the analog signal rises above a high threshold and low if the signal falls below a second, 
lower threshold.  If the analog signal is between these thresholds, the Schmitt trigger retains its most recent 
signal.  Such behavior helps to reduce digital signal noise.  Figure shared under the Creative Commons 
Attribution-Share Alike 3.0 Unported license.[29] 
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2.8 TABLES 
Table 2.1: Values and equations for parameters of cantilever beam used for strain gage calibration. 
Cantilever Parameter Symbol Units Value/Equation 
Material of Cantilever   2024-T3 Aluminum 
Modulus of elasticity E GPa 73.1 
Distance to cantilever anchor point x m  
Distance from strain gages to anchor point xSG m .495 
Distance from suspended weight to anchor point xW m .0194 
Cantilever width  mm 31.7 
Cantilever thickness  mm 3.2 
Distance  between  cantilever’s  top  and  neutral surfaces c mm 1.6 
Cantilever cross-section moment of inertia I m4 8.3·10-11 
Mass of suspended weight m g  
Internal beam moment M Nm (𝑥ௐ − 𝑥ௌீ) ∙
9.81 ∙ 𝑚
1000  
Surface strain on cantilever ε - 
𝑀 ∙ 𝑐
𝐸 ∙ 𝐼  
    
 
Table 2.2: Values used in static FEA model.  All permutations of one each of tangential force, radial force, 
angular acceleration and orientation were tested.  Tangential and radial forces were applied at the top of the 
handrim.  Orientation was based on where the sensor electronics housing was located relative to the center of 
the handrim.   
Tangential Torque 
τ (Nm) 
Radial Force 
Frad (N) 
Angular Acceleration 
α  (rad/s2) 
Orientation (location 
of sensor electronics) 
6.5 0 0 Top 
11.7 25 15 Left 
16.9 50 30 Bottom 
   Right 
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Table 2.3: Shift progressions used for shift reliability and battery lifetime testing.  The 20-step progression 
contains exactly one shift for every combination of start and end gears for gears 1-5.  Similarly the 12-step 
progression contains exactly one shift for each such combination for gears 1-4.  
20-Step Progression 12-Step Progression 
1  2 1  2 
2  3 2  3 
3  4 3  4 
4  5 4  3 
5  4 3  2 
4  3 2  1 
3  2 1  3 
2  1 3  1 
1  3 1  4 
3  5 4  2 
5  3 2  4 
3  1 4  1 
1  4  
4  2  
2  5  
5  2  
2  4  
4  1  
1  5  
5  1  
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Table 2.4: Treadmill and left wheel speed data from rate gyro calibration, all trials 
Intended 
Speed (m/s) 
  True Speeds (m/s) Wheel-to-treadmill 
speed ratio 
Noise-to-
Signal Ratio Gear Trial Treadmill Left Wheel 
0.25 1 1 0.263 
0.227 
(.005) 
0.863 0.022 
0.25 1 2 0.263 
0.227 
(.005) 
0.864 0.021 
0.25 3 1 0.263 
0.228 
(.003) 
0.865 0.014 
0.25 3 2 0.263 
0.228 
(.005) 
0.865 0.020 
0.25 5 1 0.263 
0.226 
(.006) 
0.858 0.026 
0.25 5 2 0.262 
0.225 
(.006) 
0.857 0.026 
0.50 1 1 0.525 
0.455 
(.006) 
0.866 0.013 
0.50 1 2 0.526 
0.455 
(.005) 
0.865 0.012 
0.50 3 1 0.527 
0.455 
(.005) 
0.863 0.010 
0.50 3 2 0.527 
0.455 
(.005) 
0.864 0.010 
0.50 5 1 0.527 
0.455 
(.010) 
0.863 0.021 
0.50 5 2 0.527 
0.456 
(.009) 
0.866 0.019 
0.75 1 1 0.789 
0.682 
(.007) 
0.864 0.011 
0.75 1 2 0.790 
0.681 
(.007) 
0.862 0.010 
0.75 3 1 0.789 
0.684 
(.005) 
0.867 0.007 
0.75 3 2 0.790 
0.684 
(.006) 
0.866 0.008 
0.75 5 1 0.788 
0.683 
(.011) 
0.867 0.017 
0.75 5 2 0.789 
0.683 
(.011) 
0.865 0.017 
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Table 2.4 (cont.) 
Intended 
Speed (m/s) 
  True Speeds (m/s) Wheel-to-treadmill 
speed ratio 
Noise-to-
Signal Ratio Gear Trial Treadmill Left Wheel 
1.00 1 1 1.056 
0.909 
(.008) 
0.861 0.009 
1.00 1 2 1.052 
0.908 
(.010) 
0.863 0.011 
1.00 3 1 1.056 
0.911 
(.005) 
0.863 0.006 
1.00 3 2 1.053 
0.911 
(.007) 
0.865 0.008 
1.00 5 1 1.055 
0.911 
(.013) 
0.863 0.014 
1.00 5 2 1.053 
0.909 
(.012) 
0.863 0.014 
    Average: 0.864  
Values in parentheses under True Speed, Left Wheel data are standard deviations. 
 
Table 2.5: Regressions between ADC signals and theoretical strain for six strain gage amplification circuits.  
Regression was 𝜺 = 𝒎 ∙ 𝑵𝑨𝑫𝑪 + 𝒃, where 𝜺 is cantilever surface strain at the strain gage location and 𝑵𝑨𝑫𝑪 is 
the  value  saved  by  the  Arduino’s  ADC. 
Side Amp Circuit m b R2 
Left 1 4.19 · 10-6 8.10 · 10-7 0.99994 
Left 2 4.18 · 10-6 1.75 · 10-5 0.9996 
Left 3 4.08 · 10-6 -1.24 · 10-6 0.9998 
Right 1 4.19 · 10-6 -6.39 · 10-6 0.9999 
Right 2 4.20 · 10-6 2.27 · 10-6 0.99992 
Right 3 4.15 · 10-6 1.06 · 10-5 0.9998 
 Average: 4.17 · 10-6 3.93 · 10-6  
 Stdev: 4.51 · 10-8 8.65 · 10-6  
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Table 2.6: Left wheel strain gage ADC readings resulting from six masses suspended from handrim during static 
torque calibration 
Mass (kg) 
Torque  on 
Handrim (Nm) 
ADC 
Readings 
0.00 0.0 
0.3 
(1.3) 
0.50 1.3 
7.8 
(1.3) 
0.65 1.7 
12.1 
(1.3) 
0.91 2.3 
16.1 
(1.6) 
2.27 5.8 
43.3 
(1.6) 
5.00 12.8 
96.9 
(1.6) 
 
Table 2.7: Summary of gearbox lifetime testing results.  Simulated distances travelled and days survived are 
listed for each gear.  Each gear train failed at its sun gear; therefore, descriptions of how each sun gear failed are 
also provided. 
Gear 
Distance Traveled Per Resistance (m) Days 
Survived 
Description of Sun Gear 
Failure With 12.2 Nm With 16.7 Nm 
1 9720 1044 30 Engage point deformation 
2 30996 3420 95 Catastrophic gear failure 
3 56304 0 173 Engage point deformation 
4 30888 0 95 Catastrophic gear failure 
5 0 0 0 Engage point deformation 
Goals: 355104 for all gears 39456 for gears 1 + 2 1096  
 
Table 2.8: Summary of wireless reliability during all trials of AGS system testing.  All ratios are listed as 
successful receives over attempted transmissions. 
 
Trial 
Successful Transmits, 
Right to Left Wheel 
Successful Transmits, 
Left Wheel to Motors 
Successful Transmits, 
Motors to Left Wheel 
1 27/27 2/2 2/2 
2 37/37 3/4 3/3 
3 46/46 2/2 2/2 
4 29/29 3/5 3/5 
5 24/24 3/3 3/3 
6 20/20 3/3 3/3 
Total 
(success rate %) 
183/183 
(100%) 
16/19 
(84%) 
16/16 
(100%) 
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CHAPTER 3 PILOT STUDY TO DETERMINE DIFFERENCES IN HANDRIM KINETICS 
OF MANUAL WHEELCHAIR USERS BETWEEN GEARS ACROSS VARIOUS 
TERRAINS 
ABSTRACT 
Of the 3.6 million wheelchair users (WCUs) living in the United States,[1] 61.6%[2] to 89.5%[3] are manual 
wheelchair users (MWCUs).  Shoulder pain is reported by up to 70% of MWCUs at any given time[4] and 
has been attributed to the high demand, repetitive stresses placed on the shoulders during wheelchair 
propulsion.[5]  Because  pushing  harder  on  a  wheelchair’s  handrims  corresponds  with  higher  shoulder  
demands,[6] a study has been designed to determine whether geared wheelchairs influence handrim 
kinetics and wheelchair propulsion across a variety of terrains.  Using a pair of prototyped automatic 
gear-shifting (AGS) wheels outfitted with speed and torque sensors, a pilot subject travelled at self-
selected speeds across a smooth tile surface, 24 ft. of padded carpet, and up and down a 15 ft. long 
ramp with 3.2° grade.  Trials were completed in all five gears of the AGS wheels (first gear, 2.1:1; second, 
1.4:1; third, 1:1; fourth, 1:1.4; fifth, 1:2.1).  Preliminary results showed that travelling across all terrains 
in lower gears resulted in lower peak torques, while using higher gears typically resulted in higher 
average translational speeds.  The one exception involved travelling across carpet in gear 5, where the 
subject propelled at a lower translational speed.  Work exerted during the carpet and uphill trials were 
observed to be lowest in gear 2.  Limitations of the pilot test protocol are discussed to improve the full 
study testing protocol, which is also included for reference. 
3.1 INTRODUCTION 
As of 2010, there were 3.6 million wheelchair users (WCUs) living in the United States.[1]  Previous 
estimates and census data suggest that between 61.6%[2] and 89.5%[3] of WCUs in the US use manual 
wheelchairs.  Further, at any given moment, up to 70% of manual wheelchair users (MWCUs) report 
shoulder pain,[4] a factor that significantly decreases quality of life in MWCUs.[7]  It is believed that the 
high-demand, repetitive stresses that are placed on the shoulders during wheelchair propulsion 
increases the risk of developing shoulder pain.[5, 8]  This risk has also been shown to significantly increase 
for MWCUs with spinal cord injuries as the time since their injuries increases, [9, 10] suggesting that 
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prolonged  wheelchair  use  has  a  degenerative  effect  on  MWCUs’  shoulders.    Therefore,  it  is  imperative  
that wheelchair technology continues to reduce demands on MWCUs shoulders during propulsion. 
Several studies have quantified shoulder demands during wheelchair propulsion by calculating internal 
shoulder kinetics using an instrumented handrim, motion capture and an inverse dynamics model.  
These studies have typically been performed on a stationary ergometer simulating smooth tile.[6, 11, 12]  
Peak resultant shoulder forces have been shown to be anywhere between 54.4-75.7 N.[12]  Along 
simulated tile, shoulder extension and internal rotation moments were typically higher than flexion and 
external rotation moments, respectively.[11, 12]  However, these studies were limited by their lack of 
terrains studied due to requiring the use of motion capture to calculate shoulder torques.  One study in 
particular showed that flexion and external rotation were higher than extension and internal rotation 
when traveling up a 2.9° ramp.[13]  Another was able to calculate shoulder kinetics across a variety of 
terrain and tasks;[14] however, methods for collecting motion capture data for wheelchair propulsion 
during outdoor tasks were not found. 
In order to more easily incorporate the effects of terrain on wheelchair propulsion kinetics, other 
studies have collected handrim data from subjects who traverse a range of terrains.  Peak resultant 
handrim forces and propulsive moments range from 54.9-100 N and 8.3-21 Nm, respectively.[15-17]  
Examples of terrains studied include smooth tile, carpet, concrete, ramps and cross slopes.[17-19]  The 
benefit to using real terrain is that any unanticipated effects of terrain on wheelchair propulsion, such as 
increases in kinetic asymmetry across outdoor terrains,[19] can be discovered without having to simulate 
them.  Further, because higher handrim kinetics have been correlated with increased shoulder 
moments,[6] they can be used as an indirect measure of extremity demand. 
While a number of studies have analyzed the effects of geared wheelchairs on shoulder pain,[20] EMG 
response,[21, 22] and  subjects’  perceived  exertion  during  propulsion,[23] no studies have been conducted 
on how geared wheelchairs influence propulsion kinetics.  Therefore, an experimental study will be 
conducted to determine the effects of different gears on propulsion kinetics across various terrains, 
including smooth tile, padded carpet, and two ramps with different slopes.  It will focus on comparing 
the low gears (gears 1 and 2) in the automatic gear shifting (AGS) wheels developed by IntelliWheels, 
Inc. and the Human Dynamics & Controls Laboratory at the University of Illinois to their direct drive gear 
(gear 3). 
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Data from a pilot study on one test subject are analyzed and discussed in this chapter.  Results from this 
pilot test then dictated changes to the development of a testing protocol of a more comprehensive 
multi-subject full experimental study, which is also proposed in this chapter. Preliminary data analysis 
methods on the pilot data provided insight into the effect of the geared wheels on push torque, speed, 
and propulsion biomechanics. The primary hypothesis is that using lower gears will require less push 
torque than higher gears when completing the tasks.  However, lower gears are expected to force 
subjects to complete more push cycles and travel slower while completing the tasks. 
3.2 METHODS 
3.2.1 AGS Wheel Description 
The AGS wheels used in this study offer the ability to move forward and backward in five different 
speeds using planetary gear trains (see Chapter 2, Section 2.2.1).  The five gear ratios on the wheels 
include low gears of 2.1:1 and 1.4:1, a direct drive gear of 1:1, and high gears of 1:1.4 and 1:2.1.  The 
input  to  the  gear  train  is  connected  to  the  wheel’s  handrim,  while  the  output  connects  to  the  tire.    Gears  
are engaged by internal spring-loaded pawls that lock specific sun gears in place, mechanically coupling 
the handrim and tire together.  A shifter disk on the outside of the wheel can be manually or 
automatically rotated to control which pawl engages into its corresponding sun gear. 
The wheels were instrumented with two types of sensors (rate gyro and strain gage, which can be used 
to compute chair speed and applied handrim torque, respectively).  Rate gyros (model: L3GD20, 
STMicroelectronics Group, purchased via Pololu Corp.; Las Vegas, NV; item # 2125) were used to 
measure  the  wheels’  angular  velocities,  which  can  then  be  converted  to  a  translational  chair  speed.    
Pairs  of  strain  gages  (350Ω,  model:  SGD-2/350-LY11, OMEGA Engineering Inc.; Stamford, CT) were 
adhered to each of three equally-spaced spokes of the input disk of the gearbox on each wheel and 
measured the strain in the handrim that results from subjects pushing on the handrim. These strain 
measurements will eventually be converted to an applied handrim torque. The wheels transmit their 
data wirelessly using wireless transceivers (model: RFM22B, SparkFun Electronics; Boulder, CO; item # 
WRL-10154).  All electronic systems were controlled via microcontroller (Arduino Mega R3 and Arduino 
Uno R3, Arduino, purchased via SparkFun Electronics; Boulder, CO; item #s DEV-11061 and DEV-11021). 
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3.2.2 Pilot Testing 
The following text describes a pilot test used to assess preliminary testing and data analysis protocols 
when using the AGS wheels across multiple terrains and in various gears. 
3.2.2.1 Pilot Test Protocol 
One wheelchair athlete (male, 29 y.o., 100 lbs.) who met all inclusion criteria was recruited to conduct 
pilot testing.  Subject inclusion requirements included being 18-64 years of age, having used a manual 
wheelchair  as  one’s  primary means  of  locomotion  for  at  least  one  year,  being  able  to  push  one’s  
wheelchair for longer than 20 minutes without taking a break, and having no history of any significant 
cardiorespiratory problems such as heart attacks, arrhythmia, emphysema, etc.   
The subject propelled at self-selected speeds across three terrains for four testing conditions in the 
following  order:  (1)  across  approximately  30  ft.  of  smooth  tile,  (2)  across  24  ft.  of  carpet  with  3/8”  
padding, and (3 & 4) up and down a 15 ft. ramp with 3.2° grade.  All five gears were used for the smooth 
tile and padded carpet surfaces.  However, only gears 1-4 were used on the shallow ramp due to gear 5 
breaking during the padded carpet task.  The subject propelled across each terrain in gear 1 first, 
followed by gear 2, gear 3, etc.  Two trials per gear and testing condition combination were conducted. 
3.2.2.2 Data Analysis 
For each trial, strain gage and rate gyro data were collected from both AGS wheels at 50 Hz using a 
custom data collector and filtered with fourth order Butterworth filters using cutoff frequencies of 4 and 
3 Hz, respectively.  Linear and angular velocities were calculated from gyro data using a previously 
determined experimental calibration (see Chapter 2, Section 2.3.1). Angular acceleration 𝑎௜  at time 𝑡௜ 
was calculated from the filtered angular velocity data 𝜔 using the equation 
𝑎௜ = (𝜔௜ାଵ − 𝜔௜ିଵ) (𝑡௜ାଵ − 𝑡௜ିଵ)⁄  and filtered using a Butterworth filter with a 4 Hz cutoff frequency.  
All cutoff frequencies were determined via residual analysis.[24]  Push torque was calculated from filtered 
strain and angular acceleration data using an experimentally determined calibration (see Chapter 2, 
Section 2.3.1).  Based on torque results, terrains were divided into two groups: the push-centric smooth 
tile, carpet and uphill tasks, where the subject pushed in the direction of motion to propel the 
wheelchair; and the downhill braking task, where the subject exerted a braking torque on the handrims 
to control descent. 
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Five measures calculated from the push-centric terrains were identified for analysis (1: peak push 
torque, 2: peak rotational power, 3: average speed, 4: number of pushes, 5: work expenditure; Figure 
3.1).  Prior to torque being calculated, the  strain  signal  in  each  wheel  was  offset  by  the  wheel’s  average  
strain signal value during the first recovery period (except where noted in results tables) to reduce the 
effects of signal hysteresis (see Chapter 2, Section 2.5).  Instantaneous rotational power was determined 
by multiplying push torque by angular velocity during pushes, where a push was defined as a continuous 
set of torque measurements of at least 1.4 Nm.  This threshold was chosen to be as sensitive as possible 
without incorrectly considering noise in the torque data to be pushes so that the starts and ends of 
pushes could be determined as early and late, respectively, as possible.  Rotational power was set to 
zero during all other periods.  For all push-centric terrains, peak push torques and rotational powers 
were found for every push besides the first and last pushes.  Average values of these peak torques and 
powers across all pushes were then found.  Average speed from the beginning of the third-to-last to the 
beginning of the last push was also calculated (except where noted in results tables).  Because distance 
travelled was more controlled during carpet and uphill propulsion, the number of pushes and work 
expended were also found for these two terrains. Work was calculated by integrating power over time. 
Due to the downhill braking trials resulting in qualitatively different behavior than the push-centric 
terrains, three different measures were developed for these trials (1: average braking torque, 2: peak 
descent torque, and 3: average descent torque; Figure 3.2).  Average torques during braking periods and 
peak and average torques during descent periods were found.  Braking was defined as the period at the 
end of the trial when angular acceleration was consistently negative in both wheels and ended when 
torque began to rise to zero in at least one wheel.  Descent was defined as the period from 0.5 seconds 
after torque became negative in both wheels to the beginning of braking.  The delay between the onset 
of negative torque and the start of descent was chosen to allow the torque signal to stabilize once the 
subject fully applied resistance to the handrims. 
3.2.3 Anticipated Final Study Protocol 
3.2.3.1 Participants 
Twenty MWCUs (ten male, ten female) will be recruited to participate in this study through posted flyers 
and word of mouth.  Subjects will be required to meet the inclusion criteria used for pilot testing (see 
Section 3.2.2.1).  To ensure these criteria are met, subjects will participate in a screening questionnaire 
before being invited to participate in the testing protocol. 
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3.2.3.2 Testing Protocol 
Prior to data collection, subjects will complete a second questionnaire regarding their habits with using 
their wheelchairs, their activity levels, and any shoulder pain that they were currently experiencing.  
During  this  time,  the  subject’s  wheels  will  be  replaced  with the AGS wheels in order to allow the subjects 
to use his or her own wheelchair frames during the experiment.   Upon completion of the questionnaire, 
subjects will be given two minutes to propel in gears 1, 2 and 3 to acclimate themselves to the various 
gears in the AGS wheels before data are collected. 
Subjects will then be told to complete six tasks: (1) traveling 30 feet along smooth tile, (2) travelling 24 
feet  on  carpet  with  3/8”  padding,  (3  &  4)  propelling  up  and  down  a  15  foot  ramp  with  3.2°  grade, and (5 
& 6) propelling up and down a 15 foot ramp with 6.3° grade.  Subjects will complete each task at a self-
selected speed in three gears: the two low gears (gears 1 and 2) and the direct drive gear (gear 3).  Two 
trials per gear/task combination will be conducted, leading to a total of 36 trials per subject.  The gear 
order will be fully randomized before data collection begins, yet the order will remain consistent 
between tasks for a given subject.  Aside from collecting downhill data immediately after collecting 
uphill data, the order of the tasks completed will also be randomized. 
3.2.3.3 Data Analysis 
Similar to the pilot trials, strain gage and rate gyro data will be collected from both AGS wheels at 50 Hz 
using a custom data collector and filtered with fourth order Butterworth filters using cutoff frequencies 
of 4 and 3 Hz, respectively.  Linear and angular velocities will be calculated from gyro data using a 
previously determined experimental calibration (see Chapter 2, Section 2.3.1).Angular acceleration will 
then be calculated.  Push torque will be calculated from filtered strain and angular acceleration data 
using an experimentally determined calibration (see Chapter 2, Section 2.3.1).  However, unlike the pilot 
trials, specific events for each trial will be captured by pressing a button on the data collector.  These 
events include beginning-of-trial, traveling 30 ft., traveling 35 ft., and stopping completely during 
smooth tile trials; beginning-of-trial, front casters reaching the carpet edge, traveling 5 ft. past the 
carpet, and stopping completely during carpet trials; beginning-of-trial, back wheels entering bottom of 
ramp, front casters exiting top of ramp, and stopping completely during uphill trials; and beginning-of-
trial, back wheels entering top of ramp, front casters exiting bottom of ramp, and stopping completely 
during downhill trials. 
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Measures for both the push-centric and downhill braking trials completed using the full study protocol 
will be similar to those found during pilot testing.  Six measures calculated from the push-centric 
terrains will be analyzed (1: number of pushes, 2: average steady-state speed, 3: peak steady-state 
speed, 4: peak push torque, 5: peak rotational power, 6: work expenditure).  A torque threshold for 
determining pushes will again be chosen such that noise in the torque data is ignored.  Steady-state will 
be defined as the period containing the last two or three pushes (depending on the terrain) prior to 
leaving the terrain.  The average speed during this steady-state period will be found.  Further, peak 
speeds, torques and rotational powers will be determined for each push and averaged across all pushes 
during this steady-state period.  Finally, work expenditure will be calculated across the entire trial.  
Power and work will each be found from the same calculation used during the pilot trials.  Data analysis 
for the full study downhill braking trials will be the same as the analysis performed during pilot testing. 
3.2.3.4 Statistical Analysis 
Repeated-measure two-factor (terrain x gear) analysis of variance (ANOVA) will be used to analyze all 
test parameters for both push-centric and downhill braking tasks.  Preliminary analyses will need to be 
done to confirm no differences in results as a consequence of wheel side. If no difference in wheel side 
is confirmed, then the data for both sides will be pooled for the final ANOVAs. For all analyses, the cutoff 
for statistical significance was defined as 𝛼 ≤ 0.05. 
3.3 RESULTS FROM PILOT TESTING 
Most measures taken during tasks performed on push-centric terrain were impacted by the gear used.  
On smooth tile and uphill terrains, using increasingly higher gears increased average peak push torque 
and power as well as linear speed (Table 3.1, Table 3.2, Figure 3.1).  Higher gears also led to higher 
average peak push torques and generally higher speeds on carpet (Table 3.3).  However, while linear 
speed on carpet increased from gear 1 up through gear 4, the subject propelled slower in gear 5 on 
carpet than in gear 4.  Gearing did not have a discernable impact on average peak power during the 
carpet task.  The number of pushes needed to complete the uphill and carpet tasks decreased as gear 
increased.  Finally, gear used did not seem to have much effect on the energy needed to complete the 
uphill and carpet tasks.  However, for both of these terrains, gear 2 appeared to require less energy on 
average than the other gears. 
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Many measures were also different between wheels.  On smooth ground, average peak push torque and 
power were each higher in the right wheel than the left wheel for gears 3, 4 and 5, often by more than 
40% (Table 3.1).  Both push torque and power were higher in the left wheel than the right wheel during 
all but one uphill trial (Table 3.2).  However, these measures were never more than 14% different 
between sides.  For carpet propulsion, average peak torque, average peak power and energy were all 
typically higher on the right side (Table 3.3).  
Gearing also had an impact on torque during the downhill braking trials (Table 3.4, Figure 3.2).  Peak 
torques and average torques during the descent period were higher when higher gears were used.  
Average torques during the braking periods also increased with higher gears.  Descent torque measures 
were generally higher in the left wheel than the right wheel.  Average braking torque was also generally 
higher in the left wheel. 
Data have been collected from three subjects using the final study protocol.  Two subjects identified 
themselves as participants in wheelchair athletics.  Because analysis has not been completed on data 
from these subjects, results from the final study are not discussed here. 
3.4 DISCUSSION 
The behavior of the AGS wheels in different gears paralleled what is typically expected of a multispeed 
bicycle.  The mechanical advantage that resulted from using lower gears on the AGS wheels successfully 
led to lower peak torques during pushes.  Higher average speeds were also generally observed for 
higher gears.  However, unlike with bicycles, which typically use brake pads for slowing down, traveling 
downhill with the AGS wheels in lower gears also lead to lower peak and average braking torques during 
both  descent  and  braking  periods.    This  result  accurately  reflects  the  subject’s  perception  that  braking  
was easier for him to control in lower gears. 
When in direct drive (gear 3), the AGS wheels measured peak push torques that were similar to those 
shown in previous studies.  Over 24 pushes across smooth tile, the AGS average peak push torque was 
found to be 4.9 ± 1.6 Nm (see Appendix C).  This result is lower than values found by Kotajarvi et al. (8.3 
± 3.4 Nm)[17] and Hurd et al. (6.8 ± 2.2 Nm)[19] but falls within one standard deviation of each previous 
result.  The average AGS peak torque of the 16 pushes across padded carpet (10.3 ± 3.6 Nm) was very 
similar to carpet results from Hurd et al. (10.2 ± 3.1 Nm)[19] and Kwarciak et al. (10.9 ± 2.5 Nm)[18].  
However, of these two studies, the former did not specify if padding was included, while the latter 
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noted that no padding was used.  Finally, the 12 pushes up the 3.2° ramp using the AGS wheels had an 
average peak torque of 16.2 ± 1.9 Nm.  This value agrees with two results from slightly shallower ramps 
(3° grade) used by Hurd et al. and 15.8 ± 3.9 Nm[19] and 16.7 Nm.[25]  Thus, while the AGS system may be 
reading lower torques than the devices used in those studies, the difference is likely not significant. 
For each terrain, the average speed during the last two pushes of each trial almost universally increased 
as gear ratio increased.  This result is likely why it took fewer pushes to complete push-centric tasks in 
higher gears.  The one exception to this trend was when the subject used gear 5 on carpet: his average 
speed over the last two push cycles was lower in gear 5 than in gear 4.  It is possible that this result was 
caused  by  the  carpet’s  high  rolling  friction  and  the  subject’s  inability  to  overcome  it  and  get  up  to  speed.    
If so, this result suggests that, for any given surface, gear ratio can only increase up to a certain 
threshold before maximum propulsion speed begins to decrease. 
Perhaps the most surprising result of this study was that the work requirements between gears for the 
carpet and uphill tasks showed little overall trend.  A previous study found that integrated EMG signals 
from the latissimus dorsi, anterior and posterior deltoids, and upper trapezius were lower in higher 
gears.[21]  While a relationship between integrated shoulder EMG and propulsive energy exerted has not 
been developed in our study, it is not unreasonable to hypothesize such a relationship.  However, the 
preliminary results here suggest otherwise.  A number of issues must be addressed to confirm the lack 
of significance of gearing on exerted energy.  First, the strain signals exhibit hysteresis and drift that 
could produce erroneous torque and, by extension, energy data.  Second, the wheels lost multiple 
wireless data packets in a row on several occasions and sometimes missed up to one continuous second 
of data.  This result could lead to missing push data and incorrect energy integration. 
In spite of the lack of noticeable differences in work and the issues surrounding its calculation, 
completing the carpet and uphill tasks had the lowest average work expenditure in gear 2.  The subject 
expressed his preference for gear 2 over gear 1 due to its higher maximum speed and his ability to 
maintain a higher momentum in gear 2.  However, unbeknownst to the subject, his preference may 
have also been influenced by the lower work expenditure that resulted from using gear 2. 
3.5 LIMITATIONS AND FUTURE WORK 
Before full study testing began, several limitations from the pilot study were addressed.  These 
improvements addressed five issues in particular: controlling the distance travelled along smooth tile, 
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limiting the number of wireless data packets that were lost, limiting the influences of hysteresis and drift 
in the strain signals, altering the method for acquiring angular acceleration data and improving the 
structural  stability  of  the  gearbox’s  sun  gears. 
One major limitation with the smooth tile pilot trials was the lack of control over and measurement of 
distance travelled.  Because distance travelled was not uniform, the number of pushes during and work 
expenditure of propelling across tile could not be compared across trials.  The full study has addressed 
this issue in two ways.  First, tape markers were placed on the ground to mark off a distance of 30 feet.  
Second, a button was pressed after the subject travelled the desired 30 feet to mark in the data where 
this event occurred. 
As previously described, multiple wireless data were not collected properly over the course of the pilot 
trials.    The  primary  source  of  data  loss  was  due  to  a  bug  in  the  right  wheel’s  electronics.    Specifically,  the  
wireless device in the right wheel could not reliably receive data and would occasionally refuse to read 
data for up to one second.  This problem lead to incomplete energy integration and, on at least one 
occasion, missing full push phases.  This problem was resolved by changing the wireless protocol used by 
the wheels so that the right wheel only sent data.  A secondary loss of data was discovered due to the 
data collector not printing data as quickly as they were being received.  This loss can be corrected by 
increasing the baud rate of the data collector or by decreasing the sampling frequency of the AGS 
system. 
Improvements were also made to the consistency of strain data collection in two ways.  First, the at-rest 
strain signal was found to exhibit a dependence on which direction the handrims had last been pushed.  
This hysteresis may have led to inconsistent strain readings between trials.  To limit the influence of this 
hysteresis in the full study, the handrims were pushed forward prior to the start of all push-centric trials 
and pulled backwards prior to starting the downhill braking trials.  Second, the at-rest strain signal was 
offset at the beginning of multiple pilot study trials.  Because the subject was at rest and not pushing on 
the handrims, the signal should have been around zero.  Thus, because the AGS wheels zero this signal 
at  startup,  the  wheels  were  turned  off  and  on  immediately  after  resetting  the  wheels’  hysteresis  before  
starting the trial. 
During post-test analysis of the data acquired during the pilot testing, two separate instances of filtering 
were used to acquire angular acceleration.  Angular velocity was first filtered in order to remove noise 
that could influence the initial calculation of angular acceleration.  After acquiring this data, a second 
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filter was applied to the angular acceleration data to further remove noise which was potentially caused 
by time gaps in the data.  In order to limit the number of filters that influence the angular acceleration 
data to one, this second round of filtering directly on the angular acceleration will not be performed 
during the analysis of data collected from the full study testing protocol. 
Finally,  improvements  were  made  to  the  structural  integrity  of  the  gearbox’s  sun  gears.    Gear  5  broke  
during the carpet trials of the pilot testing and was therefore redesigned before full study testing began.  
All sun gears used during pilot testing were also replaced by gears with identical geometries that were 
made of a stronger material.  However, despite these preemptive measures, gear 3 failed on multiple 
occasions during the full study testing.  This failure is likely due to the inclusion of a steeper ramp with a 
6.3° slope and the higher demands on gear 3 that are required to climb this ramp.  Unfortunately, to 
fully prevent this failure, a full redesign of the gearbox is needed. 
3.6 CONCLUSION 
In a single person pilot test, average peak push torque was found to be lower when using lower gears.  
Average speed over the final two push cycles was also affected by gear and generally increased with 
higher gear ratios.  However, using gear 5 on carpet resulted in a lower average speed than using gear 4.  
No discernable trend was found between peak power and gear used.  The number of pushes needed to 
complete the uphill and carpet tasks decreased as gear ratio increased, and a potential decrease in work 
exerted when using gear 2 to complete these tasks was identified.  Peak and average torques seen 
during controlled downhill motion was lower in lower gears.  Several problems with the pilot test 
protocol were identified and improved upon in the full study testing protocol. 
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3.7 FIGURES 
 
Figure 3.1: Torque (solid blue) and speed (dashed red) data from the left (darker) and right (lighter) wheels for a 
representative push-centric trial.  Smooth tile, gear 3, trial 1 was chosen as the representative push-centric trial.  
The peak torques of all pushes besides the first and last pushes (circled) were averaged for each wheel and trial.  
The average speed between the beginnings of the third to last and last pushes was also calculated for each 
wheel.  
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Figure 3.2: Torque (solid blue) and speed (dashed red) data from the left (darker) and right (lighter) wheels for a 
representative downhill braking trial.  Gear 2, trial 1 was chosen as the representative trial.  The braking period 
was defined as the time period from when the wheels began to angularly decelerate to when the torque in at 
least one wheel began to return from negative values to zero at the end of the trial.  The descent period was 
defined as the time period from 0.5 s after both wheels began registering negative torques to the beginning of 
the braking period. 
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3.8 TABLES 
Table 3.1: Summary of results from pilot subject of push torque study, smooth tile terrain 
Gear Trial Side 
Avg Peak 
Torque (Nm) 
Avg Speed 
(m/s) 
Avg. Peak 
Power (W) 
1 1 Left 3.63 0.98 21.9 
1 1 Right 3.00 0.99 18.3 
1 2 Left 2.94 0.90 16.7 
1 2 Right 3.37 0.91 19.1 
2 1 Left 4.06 1.14 18.8 
2 1 Right 3.48 1.15 16.0 
2 2 Left 4.58 1.20 22.0 
2 2 Right 3.98 1.20 19.0 
3 1 Left 3.76* 1.46 15.0 
3 1 Right 5.70* 1.47 22.8 
3 2 Left 4.29 1.47 18.6 
3 2 Right 5.72 1.48 25.2 
4 1 Left 6.89 1.77 24.4 
4 1 Right 9.87 1.79 34.9 
4 2 Left 6.25* 1.77 22.4 
4 2 Right 8.87* 1.79 32.0 
5 1 Left 13.9 1.94 38.1 
5 1 Right 19.3 1.94 53.3 
5 2 Left 12.4 1.70 30.1 
5 2 Right 13.6 1.74 32.7 
*  Strain signal offset was determined from second recovery period 
due to first recovery period offset producing non-zero strain 
signals during other recovery periods 
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Table 3.2: Summary of results from pilot subject of push torque study, uphill terrain 
Gear Trial Side 
Number 
of Pushes 
Avg Peak 
Torque (Nm) 
Avg Speed 
(m/s) 
Avg. Peak 
Power (W) 
Energy 
(J) 
1 1 Left 10 7.47 0.34 22.5 98.6 
1 1 Right 10 7.14 0.35 22.8 103.6 
1 2 Left 9 8.21 0.46 27.3 92.7 
1 2 Right 9 8.01 0.46 26.8 95.6 
2 1 Left 6 10.4 0.60 31.8 79.6 
2 1 Right 6 9.92 0.62 29.4 87.2 
2 2 Left 6 11.9 0.61 38.9 94.8 
2 2 Right 6 11.3 0.63 35.9 98.7 
3 1 Left 5 16.9* 0.66 44.2 104.3 
3 1 Right 5 14.9* 0.67 39.0 96.8 
3 2 Left 5 17.3 0.68** 47.9 122.1 
3 2 Right 5 15.7 0.69** 42.0 107.6 
4 1 Left 4 21.2 0.78 48.3 103.2 
4 1 Right 4 18.8 0.79 42.2 100.1 
4 2 Left 4 23.5 0.80 51.4 104.9 
4 2 Right 4 20.8 0.81 45.1 98.6 
* Strain signal offset was determined from third recovery period due to first two recovery 
periods producing non-zero strain signals during other recovery periods 
** Average speed calculated between starts of fourth- and second-to-last pushes due to 
missing data in last push 
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Table 3.3: Summary of results from pilot subject of push torque study, carpet terrain 
Gear Trial Side 
Number 
of Pushes 
Avg Peak 
Torque (Nm) 
Avg Speed 
(m/s) 
Avg. Peak 
Power (W) 
Energy 
(J) 
1 1* Left 11 5.32 0.48 21.4 89.6 
1 1* Right 11 5.82 0.50 23.6 96.7 
1 2* Left 10 5.88 0.62 25.6 84.8 
1 2* Right 10 6.45 0.64 27.5 89.9 
2 1 Left 7 6.38 0.73 21.2 61.6 
2 1 Right 7 7.92 0.75 25.9 79.9 
2 2 Left 7 6.97 0.74 23.7 76.6 
2 2 Right 7 7.68 0.77 26.5 90.5 
3 1 Left 6 8.56 0.84 21.8 62.1 
3 1 Right 6 12.1 0.86 33.1 107.9 
3 2* Left 6 8.95 0.68 21.6 67.7 
3 2* Right 6 11.7 0.70 27.9 105.6 
4 1* Left 6 11.3 0.86 22.9 69.6 
4 1* Right 6 15.5 0.88 33.7 113.8 
4 2 Left 5 9.39 1.02 21.8 60.0 
4 2 Right 5 16.2 1.04 41.9 106.7 
5 1 Left 4 14.4 0.73** 15.9 70.1 
5 1 Right 4 16.7 0.74** 20.0 116.3 
5 2 Left 4 17.7 0.75 26.9 89.5 
5 2 Right 4 16.7 0.77 23.2 103.4 
*  Strain signal offset was determined from second recovery period due to first recovery period 
offset producing non-zero strain signals during other recovery periods 
**  Average speed calculated between starts of third- and second-to-last pushes due to missing 
data in last push 
 
Table 3.4: Summary of results from pilot subject of push torque study, downhill terrain 
Gear Side 
 
Trial 
Peak Torque, 
Descent (Nm) 
Avg Torque, 
Descent (Nm) 
Avg Torque, 
Braking (Nm) 
1 Left 1 3.19 2.08 1.98 
1 Right 1 2.98 1.86 1.97 
2 Left 1 3.77 2.52 3.84 
2 Right 1 3.30 2.16 3.21 
2 Left 2 3.25 2.52 3.26 
2 Right 2 4.75 3.22 3.69 
3 Left 1 4.34 3.12 4.22 
3 Right 1 4.15 2.73 3.28 
3 Left 2 6.39 3.81 5.27 
3 Right 2 4.11 3.47 4.40 
4 Left 1 7.14 4.96 4.86 
4 Right 1 6.56 4.54 3.82 
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CHAPTER 4 CONCLUSION 
4.1 REVIEW OF FINDINGS 
From the literature review presented in chapter 1, it is clear that many of the 61.6%[1] to 89.5%[2] of the 
3.6 million WCUs in the United States[3] who use manual wheelchairs have need for improved 
wheelchair technology.  Geared wheelchairs have been shown to decrease shoulder pain in MWCUs,[4] 
70% of whom experience shoulder pain at any given time.[5]  Thus, prototypes of 5-speed geared wheels 
with automatic gear shifting capabilities were developed for use on wheelchairs. 
4.1.1 AGS Design and Validation 
Chapter 2 described the design of a pair of 5-speed bidirectional geared wheels.  This design contained 
two low gears, two high gears and a direct drive gear.  To engage the various gears, a shifting disk on the 
outside of the wheels was spun, allowing a pawl to lock its sun gear in place and coupling the handrim to 
the wheel through a gear train.  The wheels also held the electronic systems necessary for automatic 
gear shifting.  Speed and push torque sensors were integrated onto the handrim to determine an 
optimal gear.  Wireless signaling allowed data to be passed between the wheels and their shifters 
without  the  need  for  electronics  underneath  the  chair.    The  wheels’  shifting  mechanisms  were  actuated  
by stepper motors whose positions were controlled via feedback obtained from optical encoders.  Each 
wheel weighed 13.1 lbs., which was 3.1 lbs. more than the targeted specification. 
The rate gyro and strain gage data were experimentally calibrated to speeds and push torques, 
respectively.  A theoretical gyro-to-speed  conversion  was  also  developed  from  the  rate  gyro’s  settings,  
the geometry of the wheel and the current gear ratio, and an FEA model was created to convert strain 
and angular acceleration to push torque.  The theoretical speed conversion underestimated the 
experimental  value,  measuring  only  86.4%  of  the  left  wheel’s  true  speed.    The  torque  equation  
developed from the FEA model overestimated the torques seen in the left wheel during experimental 
calibration by around 50%.  Experimental calibration has not been performed on the right wheel, 
although the resulting conversions are expected to be very similar to those for the left wheel. 
Benchtop testing showed three major results.  First, all 1200 shifts during a shift reliability test 
successfully resulted in proper gear engagement.  Further, all 600 one-gear shifts took no more than 345 
ms to complete, reliably meeting the shifting time limit specification of 430 ms.  Second, the battery 
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lifetime test ran for 26 continuous hours on a single fully-charged battery before terminating; however, 
the shifting electronics used for this test began to produce inconsistent shifting times after 21.5 hours.  
Finally, all gears failed within 173 simulated days during gearbox lifetime testing.  Each gear train failed 
at its sun gear, a result that was confirmed by post-test FEA reproductions of the various sun gears. 
Automatic transmission testing showed that the AGS system successfully determined and shifted into 
the desired gear.  During the case trial that was analyzed, high variability was seen in the left wheel, and 
negative signals were seen in the right wheel while the subject was not pushing on the wheels.  The 
former problem was determined post-test to be caused by the testing environment, while a root cause 
for the latter was not found.  This issue resulted in multiple periods during which shifting was allowed 
aside from the two intended sets of circumstances: immediately after finishing a push phase, and while 
at rest.  However, shifting only occurred immediately after a push or after coming to rest as intended.  
Wireless signaling between the electronic systems was very reliable with signals being dropped only by 
the shifter while its motor was actuating.  
4.1.2 Push Torque Study Pilot Testing 
Chapter 3 described the results of a pilot test for the push torque study, the average peak push torques 
were found to be lower when using lower gear ratios.  For push-centric tasks, average speeds over the 
final two push cycles of a trial were generally higher in higher gears.  The exception to these findings was 
when gear 5 was used on carpet, which resulted in a lower average speed than when gear 4 was used on 
carpet.  Peak power during pushes was higher when traveling across smooth tile and up a 3.2° ramp.  No 
noticeable trend was found between peak power and gear used.  The number of pushes needed to 
complete the carpet and uphill tasks was higher in lower gears, and a possible decrease in work exerted 
when using gear 2 to complete these tasks was identified. Peak and average torques seen during 
controlled downhill motion was also lower in lower gears. 
4.2 EXPANSION ON LIMITATIONS AND FUTURE DIRECTIONS 
A variety of limitations and future directions have been identified regarding the work that has been 
presented here.  These problems can be divided into three main categories.  First, drawbacks of the 
current AGS design are discussed.  These issues can be further split into mechanical, electrical and 
software limitations.  Second, future improvements to the methods used to validate the AGS system are 
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outlined.  Finally, changes to the push torque study protocol that resulted from the pilot trials are 
detailed. 
4.2.1 Design Limitations and Future Work 
4.2.1.1 Mechanical Limitations 
The  largest  drawback  of  the  AGS  gearbox’s  mechanical  design  is  the durability of its sun gears. No sun 
gear lasted more than six simulated months during gearbox lifetime testing, far less time than the 
targeted specification of three years.  Gears also tended to break during human subject testing, 
including gear 5 during the pilot trials.  Even after replacing the sun gears with ones made of harder 
steel, gear 3 has broken on multiple occasions during the full push torque study protocol.  To reduce the 
force exerted on single keyways in the sun gears, the next version of the AGS gearbox will replace the 
pawls with dog clutches.  As opposed to the current pawl engagement system, these dog clutches will 
engage their sun gears at multiple keyways, thereby reducing the peak engagement force exerted on 
any single sun gear keyway. 
Additional  considerations  must  be  taken  into  account  for  the  AGS  system’s  next  mechanical  design.    The  
rotary shifting mechanism proved to be too confusing for on-the-fly manual shifting.  From the frame of 
reference of the MWCU, the shifting mechanisms needed to be rotated in opposite directions in order 
to shift to a new gear.  Further, there is no external indication of what gear is engaged besides pushing 
on the handrims and noting the relative motion of the handrims and wheels.  A second consideration 
involves the gear ratios used in the gearbox.  The pilot subject for the push torque study noted his 
disfavor with the lowest gear, stating that he travelled too slowly in this gear.  Because the replacement 
of the pawls with dog clutches will likely require a redesign of the shifting mechanism and possibly 
reduce the number of speeds available, these considerations must be taken into account when 
designing the next generation of the AGS system. 
4.2.1.2 Electronic Limitations 
The primary limitations with the electronics on the AGS wheels involve the shifting electronics.  Perhaps 
the biggest problem with the current design is the five inches that each set of shifting electronics adds to 
the lateral profile of the wheelchair.  This extra ten inches makes it impossible to propel the wheelchair 
through a typical door frame.  Further, there is a high risk of running the motors into objects, potentially 
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damaging the AGS wheels or the contacted object.  Incorporating the shifting electronics into the next 
gearbox prototype could drastically reduce the lateral profile of the wheels. 
In addition, friction within the gearbox occasionally caused the stepper motor to stall.  This additional 
friction appeared only in wheels attached to an occupied wheelchair frame.  By sitting in the wheelchair, 
a MWCU exerts an internal bending moment on the axle inside of the gearbox.  It is hypothesized that 
this bending of the axle may lead to a misalignment of gearbox components, resulting in the higher 
levels of friction that have been seen occasionally.  No additional trends regarding the appearance of 
this friction have been found.  Further, this problem was not reproduced during benchtop testing or 
automatic transmission testing.  Additional attempts to reproduce and further diagnose this problem 
should be undertaken. 
A number of changes to the sensor electronics could be made to reduce their weight and profile.  
Developing a custom printed circuit board (PCB) for the next generation AGS system could reduce the 
weight of the wheels considerably.  A circular PCB could distribute the mass of the sensing electronics 
evenly around the outside of the gearbox, eliminating the need for counterweights.  Using a custom PCB 
could also flatten the profile of the sensor electronics, eliminating the need for the current housing and 
the risk of MWCUs hitting the housing with their hands.  Due to the size and unused capabilities of the 
Arduino Mega that currently controls the sensors, a change from Arduino to another microcontroller 
such as the TI MSP430 series may be warranted.  However, it may be prohibitively difficult to port the 
AGS drivers from Arduino to another microcontroller, particularly for the RF22 wireless transceiver. 
Finally, two issues with collecting strain data have been identified.  First, the direction in which the 
handrims were last pushed produces a noticeable hysteresis effect on the strain readings.  This 
hysteresis is likely caused by the method and/or adhesive used to attach the strain gages to the handrim 
spokes.[6]  Further  investigation  into  this  problem  is  needed.    Second,  environment  and  the  Arduino’s 
ADC pins were found to affect the variability in strain readings in at least one wheel.  To reduce this 
noise, two measures are recommended.  Strain gage voltage could be read by an external ADC chip 
rather  than  the  Arduino’s  ADC  ports  to  reduce  any  noise in signal caused by the microcontroller.  
Second, the software algorithm should be updated to filter strain data in real-time. 
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4.2.1.3 Software Limitations 
Most proposed future work for the software algorithms of the AGS involves adding functionality to the 
device.  First, the shifting algorithm must be tuned to typical user preferences.  A future AGS usability 
study will be needed to determine this ideal relationship between peak torque during pushes, speed and 
desired gear. In order to acquire peak torque and speed, these values along with angular acceleration 
should be calculated and filtered in real time.  More sophisticated push torque thresholds could also be 
used to more accurately determine when the user pushes on and lets go of the handrims.  One possible 
such threshold is based on the behavior of a Schmitt trigger, where transitioning into a push occurs at a 
higher threshold than transitioning out of said push.  Functionality and debouncing should also be added 
to the buttons on the electronics housing.  Finally, periodic re-zeroing of the strain signal during periods 
when the wheelchair is stationary and push torque relatively constant could reduce the effects of drift 
on the strain signal. 
The one identified bug that has yet to be resolved involves the dropping of wireless signals by the 
shifting electronics while the stepper motor is actuating.  As mentioned previously, these wireless 
signals were the only ones that were not received properly during automatic transmission testing.  The 
root cause for this issue has not been discovered; however, because the sensor electronics successfully 
received all of the signals intended for them, the issue likely resides within the shifter system.  Testing 
that includes the transmission of wireless signals to a shifter system that is constantly or periodically 
actuating is recommended to determine the conditions under which wireless signals are ignored by an 
actuating shifter.  Provided that the problem can be resolved or bypassed without altering its 
electronics, changes  should  be  made  to  the  shifter’s  software  algorithm  based  on  the  results  of  this  
testing. 
4.2.2 Full Push Torque Study Protocol 
Several new or improved calibrations could be completed for the AGS system.  To begin with, the timers 
on the Arduinos were not compared to clock time, potentially leading to erroneous time and angular 
acceleration data with the wheelchair.  To make this comparison, the wheels could interface with a 
LabVIEW  program  that  compares  the  wheels’  time  counts  to  the  computer’s  more accurate clock.  In 
addition, there remains a high degree of uncertainty regarding the relationship between angular 
acceleration and strain signal.  Thus, a better, more controlled method of determining this relationship 
should be developed.  Further, static torque calibration should be performed on both sides of the 
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handrim to confirm that the experimental push torque model is consistent between forward and 
backward pushes.  Finally, as of this writing, gyro and strain signals in the right wheel have not been 
calibrated to speed and torque but rather have been assumed to have the same calibration relationships 
as the left wheel.  This assumption should be checked before additional analysis is completed on data 
collected by the right wheel. 
While the FEA model successfully anticipated that angular acceleration and tangential force each affect 
the strain reading, it overestimated these effects.  One potential cause for this discrepancy could be the 
surface preparation of the cantilever beam used to relate strain gage voltage to strain.  The surface on 
the cantilever onto which strain gages where adhered was scuffed using a grinding stone powered by a 
Dremel rotary tool, whereas the input disk was sanded using four progressively increasing grades of 
sandpaper (150 grade emery cloth; 320, 600 and 1500 grade sandpaper).  Therefore, repeating the 
voltage-to-strain calibration using a cantilever beam prepared in the same manner as the input disk 
could bring the experimental and modeled torque calibrations into closer agreement.  Making surface 
preparation consistent should be a priority if an updated FEA model will be used to calibrate torque with 
future versions of the AGS system. 
Regarding benchtop testing, the test rig should be set up to drive the gearbox during any future battery 
lifetime tests.  Previous battery testing did not drive the gearbox in order to maintain the structural 
integrity of and lack of wear on the gears until gearbox lifetime testing began.  However, shifting would 
likely occur while moving during typical daily use of the AGS wheels.  Thus, a potentially more accurate 
representation of battery life could be obtained if the gearbox was driven during this test. 
The main limitations to the gearbox lifetime test involved the resistances placed across the gearbox.  
The maximum torque applied to gears 1 and 2 represented the rolling resistance of a ramp with a 3.2° 
grade.  However, during the first full push torque study trials, propulsive torques exerted on the 
handrims when traveling up a 6.3° in the direct drive gear were considerably higher than the 16.7 N·m 
maximum used in the gearbox lifetime testing.  Because MWCUs might reasonably expect to encounter 
ramps this steep in their daily lives, higher maximum torques should be used during future gearbox 
lifetime tests.  Further, gear 3 did not experience the higher resistance due to a lack of available current 
for the test rig motor.  Between this lack of current and the possible use of higher resistances across all 
gears in future tests, additional power supplies rated at 30 V should be connected to the motor to 
110 
 
supply it with more current.  Ideally, a second gearbox lifetime test would be conducted on a gearbox 
using the new, hardened sun gears and would include higher maximum resistances. 
The largest limitation with the completed automatic transmission testing is the lack of valid trials 
conducted.  Additional trials should be completed in order to confirm that the bugs discovered during 
the first round of automatic transmission testing have been resolved.  Further, more testing might 
reproduce the high variability in strain signal as well as the negative strains seen when the subject had 
let go of the handrims, allowing for further exploration into the problems surrounding strain 
measurement.  Automatic transmission tests could also be conducted in different environments to see 
what  effects  the  wheelchair’s  surroundings  have  on  strain  measurement. 
4.2.3 Full Push Torque Study Protocol 
Several changes have been made to the full push torque study protocol based on the limitations and 
issues encountered during pilot testing.  The first of these limitations was the lack of any indications in 
the data set regarding when specific events occurred.  The instant when the subject travelled a total of 
30 feet during the smooth tile trials was not captured in the pilot data, invalidating any comparisons of 
number of pushes and energy expenditure between these trials.  Thus, the data collector was 
reprogrammed to output a counter that incremented whenever a button on the collector was pressed.  
This button would be pressed whenever an important event (e.g., traveling 30 feet on smooth tile, 
reaching the top/bottom of the ramp, reaching the edge of the 24 foot long carpet, etc.) occurred, 
allowing for easier comparison of measures between trials. 
Further, the data collector frequently missed data during the pilot trials.  Occasionally, up to a full 
second of data would be missed.  Because MWCUs typically have a push frequency between 0.66 and 
1.32 Hz,[7, 8] it is not surprising that pushes were occasionally missed during pilot testing.  The cause was 
tracked down to a hardware bug in the right wheel that prevented its wireless transceiver to reliably 
receive signals.  To bypass this issue, the wireless signal passing protocol in the wheels was modified so 
that the right wheel only transmitted its data.  After this fix was made, no second-long periods of 
missing data have been encountered while conducting the full study. 
Finally, hysteresis and drift effects were seen in the strain data collected during the pilot trials.  The at-
rest strain signal was found to exhibit a dependence on which direction the handrims had last been 
pushed.  This hysteresis may have led to inconsistent strain readings between trials.  To limit the 
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influence of this hysteresis in the full study, the handrims were pushed forward prior to all push-centric 
trials and pulled backwards prior to the downhill braking trials.  Second, the at-rest strain signal was 
offset from zero at the beginning of multiple pilot study trials.  Because the subject was at rest and not 
pushing on the handrims, the signal should have been around zero.  Thus, because the AGS wheels zero 
this  signal  at  startup,  the  wheels  were  turned  off  and  on  immediately  after  resetting  the  wheels’  
hysteresis before all full study trials. 
Three additional issues have been encountered over the course of the full study trials.  There have been 
instances where data from trials have been lost due to not properly saving it to file.  To prevent this 
problem from occurring, two Excel workbooks templates should be developed: one that sorts trials 
chronologically and one that sorts trials by task and gear.  Collected data should then be directly copied 
into both Excel workbooks.  Second, multiple trials have demonstrated evidence that the wheels were 
not both engaged in the intended gear.  Because the gear can be determined based on the orientation 
of the shifter disk, a tape strip was placed on one of the rods connected to the shifter disk.  The engaged 
gear can then be determined based on the location of this tape strip relative to the position of the 
gearbox’s  secondary axle.  Finally, gear 3 repeatedly failed during the full study.  This failure was likely 
due to the inclusion of a steeper ramp with a 6.3° slope and the higher demands on gear 3 that are 
required to climb this ramp.  Unfortunately, to fully prevent this failure, a full redesign of the gearbox is 
needed.  
Despite these shortcomings, compelling evidence that geared wheelchairs significantly influence 
multiple facets of wheelchair propulsion has been collected.  By addressing the above limitations 
surrounding the AGS wheels and push torque study design, a set of geared wheels could be developed 
to improve the quality of life and health of MWCUs in the US and throughout the world. 
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APPENDIX A   SUPPLEMENTAL DESCRIPTIONS OF AGS  SYSTEM’S  AUTOMATIC 
TRANSMISSION COMPONENTS 
A.1 STRAIN GAGE MEASUREMENT 
A.1.1 Theoretical Voltage-to-ADC Data Conversion 
The most convenient way to store data from the strain gage amplification circuit is as a raw value 
collected by the Arduino Mega’s  linear, 10-bit ADC.  Deformations to the handrim cause the strain gages 
within  the  circuit’s  Wheatstone  bridge  to  produce  a  voltage  differential  across  the  bridge  (Figure A.1).  
This voltage is amplified by a factor of approximately G = 1150 and output from an instrumentation 
amplifier and can be either positive or negative when pushing forwards or backwards, respectively.  
Because  the  Arduino’s  ADC  functions only over a range of 0-5 V, a voltage divider connects the 
amplifier’s  output  to  5  V.    This  allows  the  Arduino  to  record  amplifier  outputs  between  -5 V and +5 V.  
The AGS algorithm then calibrates the recorded ADC values so that an ADC reading of zero corresponds 
with a 0 V output from the amplifier.  Theoretically, this leads to the following behavior: 
 The  ADC  should  record  a  value  of  0  when  the  voltage  divider’s  is  at  +2.5  V.    This  should  
correspond to an amplifier output of 0 V. 
 The ADC should record a value of -512  when  the  voltage  divider’s  is  at  0  V.    This  should  
correspond to an amplifier output of -5 V. 
 The  ADC  should  record  a  value  of  +512  when  the  voltage  divider’s  is  at  +5  V.    This  should  
correspond to an amplifier output of +5 V. 
Because of the potentially confusing distinctions that would have to be made regarding which voltage is 
being reported, all data collected from the strain gage amplification circuit are reported as raw digital 
values saved by the ADC.  Due to the lack of a convenient conversion between the ADC values and 
voltage, the ADC values are considered to be unitless. 
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A.1.2 Strain Gage Amplification Circuit Diagram 
 
Figure A.1: Circuit diagram for strain amplification circuit in AGS sensor electronics.  The Wheatstone bridge (R1-
R4)  contains  two  350  Ω  strain  gages  (R1, R2)  and  two  1  kΩ  resistors  (R3, R4).    A  10  kΩ  trimpot  is used to tune the 
voltages  at  the  centers  of  the  Wheatstone  bridge’s  legs  to be equal.  These voltages are read into the AD620 
instrumentation amplifier (channels 2, 3), which amplifies and outputs the difference between its inputs.  The 
gain of the amplifier is set using a resistor connected to channels 1 and 8 (RG =  43  Ω,  resulting in a signal gain of 
G = 1150).  When the handrim is pushed, the strain gages deform and change resistances, changing the voltage 
at  the  center  of  the  bridge’s  left  leg  and  producing  a  non-zero amplifier output.  Because the Arduino ADC 
functions over a 0-5 V  range,  a  voltage  divider  using  1  MΩ  resistors  allows  AD620  outputs  in  a  range  from  -5 V to 
+5 V to be read by the Arduino. 
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A.2 ADDITIONAL AGS ELECTRONICS CONSIDERATIONS 
A number of other electronic design decisions were made regarding the sensor electronics.  First, both 
the wireless transceiver and rate gyro communicate via SPI and are powered by 3.3 V.  However, the 
Arduino  SPI  lines  output  at  5  V.    In  order  to  convert  the  Arduino’s  chip  select,  clock  and  master-out-
slave-in SPI signals from 5 V to 3.3 V, these signals were  passed through a level converter (model: 
74HC4050N, NXP Semiconductors N.V., purchased via Avnet, Inc.; Phoenix, AZ) before being sent to the 
transceiver and gyro.  Further, the amplifiers in the strain gage amplification circuits were powered by a 
5V to ±15V DC-DC converter (model: SB1R5-5-15D, Astrodyne Corp.; Mansfield, MA).  To reduce noise in 
the +15 V and -15  V  lines  from  this  converter,  each  of  its  outputs  was  connected  to  ground  via  a  10  μF  
capacitor. 
The shifting electronics also contain systems and settings not previously discussed.  Just like the SPI lines 
on  the  sensor  electronics,  the  shifter’s  SPI  lines  pass  through  a  74HC4050N  level  converter  before  
connecting  to  the  shifter’s  wireless  transceiver.    The  optical  encoder’s  signals  are  read  by  a  quadrature  
counter (model: LS7366R, LSI Computer Systems Inc., purchased via Omnipro Electronics; Carrollton, TX) 
that can then send its count to the Arduino via SPI.  Because the quadrature counter requires its own 
clock, it is further connected the Arduino’s  digital  pin  8,  which  is  set  to  output  the  Arduino’s  clock.    
Finally, the sleep pin on the Big Easy Driver is connected to another Arduino digital output.  This line is 
driven low whenever the stepper motor is not actuating to preserve battery charge. 
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A.3 SENSOR HOUSING CAD 
 
 
Figure A.2: Views of sensor housing, top half. Figure includes a) top view, b) angled view, c) bottom view. 
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Figure A.3: Views of sensor housing, bottom half.  Figure includes a) bottom view, b) angled view, c) top view. 
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A.4 BILLS OF MATERIALS 
Table A.1: Bill of materials for all sensor electronics systems. 
Vendor Contact Part No. Part Description Qty 
Astrodyne Astrodyne.com SB1R5-5-15D 5V to ±15V DC-DC converter 1 
BatterySpace Batteryspace.com 4894 7.4V 4.4Ah Li-ion battery 1 
Digikey Digikey.com A26228-ND Female shunt 2 
  AD620BNZ-ND AD620 instrumentation amplifier DIP 3 
  CP-024A-ND DC power receptor, 5.5 x 2.1 mm 2 
  CP3-002AH-ND Power plug, DC, 2.1 x 5.5 mm 2 
  EG1541-ND Rocker switch, DPDT 1 
  EG4699-ND Push button, SPST-NO 2 
ECE Store, UIUC 217-333-1916 3296W-1-104 10  kΩ  25  turn  trimpot 3 
  
65039-033LF 4-position single mini-latch Berg 
housing 
3 
McMaster Mcmaster.com 98830A420 Oversized  keystock,  steel,  1”  x  1” 1 
Molex Molex.com 03-06-1042 4-pin female housing 1 
  03-06-2042 4-pin male housing 1 
NXP (Avnet) Nxp.com 74HC4040N,652 74HC4050N voltage level converter 1 
NKC Electronics Nkcelectronics.com ARD-0153 MEGAshield KIT for Arduino Mega 1 
OMEGA Omega.com SGD-2/350-LY11 2  mm  grid,  350  Ω  strain  gage 6 
  SG401 Ethyl-based cyanoacrylate adhesive 1 
Pololu Pololu.com 2125 L3GD20 3-axis gyro carrier 1 
RP Lab, UIUC Mechse-rplab 
@illinois.edu 
Custom Sensor electronics housing, top 1 
 Custom Sensor electronics housing, bottom 1 
SparkFun Sparkfun.com DEV-09346 MegaShield Kit for Arduino 1 
  DEV-11061 Arduino Mega 2560 R3 1 
  PRT-00115 Female headers 1 
  PRT-00553 Right angle male headers 1 
  PRT-11417 Stackable header kit 1 
  
WRL-10154 RFM22B-S2 transceiver breakout 
board 
1 
The Wireman Thewireman.com 501 18 AWG copper-clad steel wire, 17 cm 1 
Miscellaneous   43  Ω  resistor 6 
   1  kΩ  resistor 6 
   4.3  kΩ  resistor 3 
   1  MΩ  resistor 8 
   1  μF  capacitor 3 
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Table A.2: Bill of materials for all shifting electronics systems. 
Vendor Contact Part No. Part Description Qty 
Anaheim 714-992-6990 23Y204D-LW8 Stepper Motor, NEMA 23, 2 shafts 1 
Automation  ENC-A3I-2500-250-E Rotary optical encoder, enclosed 1 
  ENC-CBL-AA4032 5 wire encoder cable, 1 ft. 1 
BatterySpace Batteryspace.com 4894 7.4V 4.4Ah Li-ion battery 1 
Digikey Digikey.com CP3-002AH-ND Power plug, DC, 2.1 x 5.5 mm 2 
McMaster Mcmaster.com 92311A425 10-32  set  screws,  1/4” 4 
MechSE 217-333-1711 Custom Mounting disk, motor axle to wheel  1 
Machine Shop   axle  
NXP (Avnet) Nxp.com 74HC4040N,652 74HC4050N voltage level converter 1 
OmniPro Omnipro.net LFLS7366R LS7366R quadrature decoder (DIP) 1 
ServoCity Servocity.com CH250-770 1/4”  bore  clamping  hub 1 
SparkFun Sparkfun.com DEV-11021 Arduino Uno R3 1 
  DEV-07914 Arduino Protoshield Kit 1 
  PRT-00115 Female headers 1 
  ROB-11876 Big Easy Driver 1 
  
WRL-10154 RFM22B-S2 transceiver breakout 
board 
1 
The Wireman Thewireman.com 501 18 AWG copper-clad steel wire, 17 
cm 1 
Miscellaneous   6-32 3/4”  flat  head  machine screws 4 
   
10-32 1”  fillister  head  machine  
screws 4 
   10-32 locknuts 4 
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APPENDIX B    SUPPLEMENTAL DERIVATIONS, METHODS AND RESULTS FROM 
AGS SYSTEM CHARACTERIZATION 
B.1 DERIVATION OF THEORETICAL SPEED CONVERSION 
The L3GD20 rate gyro is a 16-bit device that measures both forward and backward angular velocity.  As a 
result, the digital value produced by the rate gyro 𝑁ோீ  can span ±2ଵହ = ±32768.  The rate gyro was set 
so that this signal corresponded with ±500°/s.  The ratio between the angular velocities of the wheel 
and its handrim is the same as the gear ratio 𝑛(𝐺) for gear 𝐺.  Wheel circumference was measured to be 
1.92 m.  Thus, the theoretical conversions from rate gyro to handrim angular speed 𝜔 and translational 
speed 𝑣 used during speed calibration for the current gear 𝐺 was 
𝜔 = 𝑁ோீ ∙
500° 𝑠⁄
32768 ∙
2𝜋  𝑟𝑎𝑑
360° =
𝑁ோீ  
3755   𝑟𝑎𝑑/𝑠 
𝑣(𝐺) = 𝜔 ∙ 𝑛(𝐺) ∙
1.92  𝑚
2𝜋  𝑟𝑎𝑑 
𝑣(𝐺) = 𝑁ோீ ∙ 𝑛(𝐺) 12288⁄  
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B.2 THEORETICAL TORQUE CALIBRATION (CANTILEVER AND FEA TORQUE MODEL) 
B.2.1 Sources of Uncertainty 
Several sources of known uncertainty with the theoretical torque calibration derived from the 
theoretical strain calibration and FEA torque model have been identified.  First, noise in the strain signal 
during strain calibration on the cantilever led to worst-case deviations from the average strain that 
corresponded to a torque of ± 1.8 Nm according to the final theoretical model.  This corresponds to 11% 
of the maximum torque of 16.7 Nm used in the model.  Further, calculating the average signal-to-strain 
relationship across all strain amplification circuits led to an uncertainty of 1%.  FEA torque model 
meshing constraints were chosen so that finer meshing would improve the model by no more than 1%.  
Finally, from regressions performed on individual orientations of the torque model, orientation was 
found  to  affect  the  model’s  results  by  up  to  0.5%.  Combining these sources of uncertainty together 
produces a worst-case uncertainty of 14%. 
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B.2.2 FEA Torque Model Results 
Table B.1: Results from FEA torque model from orientation where sensor housing was below gearbox.  Radial 
force points towards center of gearbox.  Strain values are the combined strain under pairs of strain gages 
averaged across all strain gage pairs in the model. 
Propulsive 
Torque  τ  (Nm) 
Radial Force 
Frad (N) 
Angular Acceleration 
α  (rad/s2) 
Average 
Strain  ε 
6.5 0 0 1.50 · 10-4 
6.5 0 25 1.49 · 10-4 
6.5 0 50 1.49 · 10-4 
6.5 15 0 1.13 · 10-4 
6.5 15 25 1.13 · 10-4 
6.5 15 50 1.12 · 10-4 
6.5 30 0 7.65 · 10-5 
6.5 30 25 7.59 · 10-5 
6.5 30 50 7.54 · 10-5 
11.7 0 0 2.70 · 10-4 
11.7 0 25 2.70 · 10-4 
11.7 0 50 2.69 · 10-4 
11.7 15 0 2.34 · 10-4 
11.7 15 25 2.33 · 10-4 
11.7 15 50 2.33 · 10-4 
11.7 30 0 1.97 · 10-4 
11.7 30 25 1.96 · 10-4 
11.7 30 50 1.96 · 10-4 
16.9 0 0 3.91 · 10-4 
16.9 0 25 3.90 · 10-4 
16.9 0 50 3.90 · 10-4 
16.9 15 0 3.54 · 10-4 
16.9 15 25 3.53 · 10-4 
16.9 15 50 3.53 · 10-4 
16.9 30 0 3.17 · 10-4 
16.9 30 25 3.17 · 10-4 
16.9 30 50 3.16 · 10-4 
 
123 
 
Table B.2: Results from FEA torque model from orientation where sensor housing was to the left of gearbox.  
Radial force points towards center of gearbox.  Strain values are the combined strain under pairs of strain gages 
averaged across all strain gage pairs in the model. 
Propulsive 
Torque  τ  (Nm) 
Radial Force 
Frad (N) 
Angular Acceleration 
α  (rad/s2) 
Average 
Strain  ε 
6.5 0 0 1.50 · 10-4 
6.5 0 25 1.50 · 10-4 
6.5 0 50 1.50 · 10-4 
6.5 15 0 1.13 · 10-4 
6.5 15 25 1.13 · 10-4 
6.5 15 50 1.13 · 10-4 
6.5 30 0 7.67 · 10-5 
6.5 30 25 7.63 · 10-5 
6.5 30 50 7.60 · 10-5 
11.7 0 0 2.72 · 10-4 
11.7 0 25 2.71 · 10-4 
11.7 0 50 2.71 · 10-4 
11.7 15 0 2.35 · 10-4 
11.7 15 25 2.34 · 10-4 
11.7 15 50 2.34 · 10-4 
11.7 30 0 1.98 · 10-4 
11.7 30 25 1.98 · 10-4 
11.7 30 50 1.97 · 10-4 
16.9 0 0 3.93 · 10-4 
16.9 0 25 3.93 · 10-4 
16.9 0 50 3.92 · 10-4 
16.9 15 0 3.56 · 10-4 
16.9 15 25 3.56 · 10-4 
16.9 15 50 3.55 · 10-4 
16.9 30 0 3.19 · 10-4 
16.9 30 25 3.19 · 10-4 
16.9 30 50 3.19 · 10-4 
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Table B.3: Results from FEA torque model from orientation where sensor housing was to the right of gearbox.  
Radial force points towards center of gearbox.  Strain values are the combined strain under pairs of strain gages 
averaged across all strain gage pairs in the model. 
Propulsive 
Torque  τ  (Nm) 
Radial Force 
Frad (N) 
Angular Acceleration 
α  (rad/s2) 
Average 
Strain  ε 
6.5 0 0 1.52 · 10-4 
6.5 0 25 1.53 · 10-4 
6.5 0 50 1.53 · 10-4 
6.5 15 0 1.15 · 10-4 
6.5 15 25 1.16 · 10-4 
6.5 15 50 1.16 · 10-4 
6.5 30 0 7.87 · 10-5 
6.5 30 25 7.91 · 10-5 
6.5 30 50 7.95 · 10-5 
11.7 0 0 2.73 · 10-4 
11.7 0 25 2.73 · 10-4 
11.7 0 50 2.74 · 10-4 
11.7 15 0 2.36 · 10-4 
11.7 15 25 2.36 · 10-4 
11.7 15 50 2.37 · 10-4 
11.7 30 0 1.99 · 10-4 
11.7 30 25 2.00 · 10-4 
11.7 30 50 2.00 · 10-4 
16.9 0 0 3.93 · 10-4 
16.9 0 25 3.94 · 10-4 
16.9 0 50 3.94 · 10-4 
16.9 15 0 3.57 · 10-4 
16.9 15 25 3.57 · 10-4 
16.9 15 50 3.57 · 10-4 
16.9 30 0 3.20 · 10-4 
16.9 30 25 3.20 · 10-4 
16.9 30 50 3.21 · 10-4 
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Table B.4: Results from FEA torque model from orientation where sensor housing was above gearbox.  Radial 
force points towards center of gearbox.  Strain values are the combined strain under pairs of strain gages 
averaged across all strain gage pairs in the model. 
Propulsive 
Torque  τ  (Nm) 
Radial Force 
Frad (N) 
Angular Acceleration 
α  (rad/s2) 
Average 
Strain  ε 
6.5 0 0 1.51 · 10-4 
6.5 0 25 1.52 · 10-4 
6.5 0 50 1.53 · 10-4 
6.5 15 0 1.15 · 10-4 
6.5 15 25 1.15 · 10-4 
6.5 15 50 1.16 · 10-4 
6.5 30 0 7.79 · 10-5 
6.5 30 25 7.85 · 10-5 
6.5 30 50 7.90 · 10-5 
11.7 0 0 2.72 · 10-4 
11.7 0 25 2.73 · 10-4 
11.7 0 50 2.73 · 10-4 
11.7 15 0 2.35 · 10-4 
11.7 15 25 2.36 · 10-4 
11.7 15 50 2.37 · 10-4 
11.7 30 0 1.99 · 10-4 
11.7 30 25 1.99 · 10-4 
11.7 30 50 2.00 · 10-4 
16.9 0 0 3.93 · 10-4 
16.9 0 25 3.94 · 10-4 
16.9 0 50 3.94 · 10-4 
16.9 15 0 3.56 · 10-4 
16.9 15 25 3.57 · 10-4 
16.9 15 50 3.57 · 10-4 
16.9 30 0 3.20 · 10-4 
16.9 30 25 3.20 · 10-4 
16.9 30 50 3.21 · 10-4 
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B.3 TEST RIG FIGURES 
 
 
Figure B.1: View of the input side of the test rig.  The motor drives a gear reduction box that contains a worm 
gear with a 1:30 gear ratio.  The output from the gear reduction is directly connected to the input sprocket, 
which drives the input disk of the gearbox using a sprocket chain. 
Motor 
Gear 
Reduction 
Input 
Sprocket 
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Figure B.2: View of the chain and sprocket system on the benchtop test rig.  The input sprocket drives a sprocket 
attached to the gearbox, which then drives the output sprocket based on what gear the shifter has been told to 
shift into.  The shifter communicates with the LabVIEW program through USB. 
Gearbox 
Shifter 
Input 
Sprocket 
Output 
Sprocket 
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Figure B.3:  View  of  the  gearbox’s  rear  side  on  the  benchtop  test  rig.    The  weight  of the gearbox and shifter 
caused the gearbox to sag even with the clamps designed to hold the gearbox in place.  This sagging caused the 
sprockets on the test rig and gearbox to become misaligned.  Thus, zip ties were used to hold the gearbox axle 
down and prevent the gearbox from sagging. 
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Figure B.4: View of the spider couple between the output sprocket and the brake.  Due to continually coming 
apart during testing, the spider couple was tied down with zip ties.  A magnet was taped to the spider couple 
and continuously revolved past a Hall effect sensor.  This sensor was used to determine both if and how quickly 
the gearbox was revolving.  If the sensor did not register a signal for ten seconds, the test rig would shut down. 
Magnet 
Hall Effect 
Sensor 
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Figure B.5: View of the magnetic particle brake.  This brake provided resistance to gearbox motion and was used 
to simulate various terrain during gearbox lifetime testing.  Resistance torque was altered by changing the 
voltage supplied to the brake by a power supply, which was controlled by LabVIEW software via USB. 
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Figure B.6: View of the laptop running the LabVIEW user interface. 
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B.4 RESULTS FROM FIRST SHIFT RELIABILITY TEST 
Table B.5: Summary of results from first shift reliability test.  Shifting times for one-gear shifts occasionally failed 
to meet the target shifting time of 430 ms.  15 shutdowns occurred during the test due to triggering safeguards.  
13 of these were due to unsuccessful engagements attributed to the structural failure of gear 5.  The remaining 
two shutdowns were due to the sensor failing to register gearbox motion despite successful engagements. 
Start 
Gear 
End 
Gear 
Shifting Times 
Under Target 
Test 
Shutdowns 
Reason for 
Shutdown 
1 2 100 0  
2 3 100 0  
3 4 93 0  
4 5 100 3 Gear fail 
5 4 96 0  
4 3 100 0  
3 2 98 0  
2 1 100 0  
1 3 0 0  
3 5 0 3 Gear fail 
5 3 0 1 Sensor fail 
3 1 0 0  
1 4 0 0  
4 2 0 0  
2 5 0 3 Gear fail 
5 2 0 1 Sensor fail 
2 4 0 0  
4 1 0 0  
1 5 0 4 Gear fail 
5 1 0 0  
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Figure B.7: Duration of shifting times during first shift reliability test.  Graphs of shift times vs. progression 
number for each combination of start and end gear have been included and displayed based on the difference 
between start and end gears: blue graphs represents one gear shifts (1  2, 5  4, etc.; eight graphs total), red 
graphs represent two gear shifts (1  3, 4  2, etc.; six graphs total), green graphs represent three gear shifts (1 
 4, 5 2, etc.; four graphs total), and orange graphs represent four gear shifts (1  5, 5  1; two graphs 
total).  The targeted shift time of 430 ms is included as a dotted black line.  Note that, unlike the second shift 
reliability test, several one gear shifts had a longer duration than the targeted shift time.  Shifting times began 
to increase after 75 progressions, which corresponded closely with the loss of battery charge (progression 80) 
and the failure of gear 5 (progression 85).  All one-gear shifts that failed to meet the target shift time occurred 
after progression 75. 
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B.5 SUN GEAR FEA STRESS MODELING 
B.5.1 Trial Conditions 
Table B.6: Summary of conditions used in sun gear FEA stress modeling for each gear 
Gear 
Gear 
Ratio 
Sun Gear Pitch 
Diameter (in.) 
Sun Gear 
Teeth 
Force on 
Keyway (lbs.) 
Total Force on 
Gear Teeth (lbs.) 
1 .476 1.375 33 147.67 82.26 
2 .667 1 24 80.54 61.70 
3 1 1.125 27 105.71 71.98 
4 1.4 1 24 112.76 86.38 
5 2.1 1.375 33 310.10 172.75 
 
B.5.2 Results Figures 
 
Figure B.8: Gear 1 sun gear FEA results.  Subfigures include: (left) scale used in stress plot, (middle) stress plot, 
(right) binary factor-of-safety plot, where blue signifies FoS < 1 and red signifies FoS > 1.  Note that the model 
predicts gear 1 to fail at its engage point, which agrees with the failure mode seen during lifetime testing. 
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Figure B.9: Gear 2 sun gear FEA results.  Subfigures include: (left) scale used in stress plot, (middle) stress plot, 
(right) binary factor-of-safety plot, where blue signifies FoS < 1 and red signifies FoS > 1.  Note that the model 
predicts gear 2 to fail between gear teeth as well as at its engage point, which agrees with the failure mode seen 
during lifetime testing. 
 
 
Figure B.10: Gear 3 sun gear FEA results.  Subfigures include: (left) scale used in stress plot, (middle) stress plot, 
(right) binary factor-of-safety plot, where blue signifies FoS < 1 and red signifies FoS > 1.  Note that the model 
predicts gear 3 to fail at its engage point, which agrees with the failure mode seen during lifetime testing. 
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Figure B.11: Gear 4 sun gear FEA results.  Subfigures include: (left) scale used in stress plot, (middle) stress plot, 
(right) binary factor-of-safety plot, where blue signifies FoS < 1 and red signifies FoS > 1.  Note that the model 
predicts gear 4 to fail between gear teeth as well as at its engage point, which agrees with the failure mode seen 
during lifetime testing. 
 
 
Figure B.12: Gear 5 sun gear FEA results.  Subfigures include: (left) scale used in stress plot, (middle) stress plot, 
(right) binary factor-of-safety plot, where blue signifies FoS < 1 and red signifies FoS > 1.  Note that the model 
predicts gear 5 to fail at its engage point, which agrees with the failure mode seen during lifetime testing. 
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APPENDIX C    SUPPLEMENTAL MATERIAL FOR PILOT STUDY 
C.1  PER PUSH RESULTS FROM PUSH CENTRIC TERRAINS 
The pushes listed here do not include the first and last pushes of each trial; thus, the number of pushes 
needed to complete a trial is two more than the number of pushes listed below for that trial. 
C.1.1 Smooth Tile Trials 
Table C.1: Per push results from smooth tile terrain, gear 1, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 4.66 22.9 4.80 24.3 
2 4.50 23.7 2.71 14.9 
3 2.61 15.7 2.94 18.2 
4 3.69 22.2 3.70 22.1 
5 3.02 19.2 4.16 26.8 
6 3.82 23.9 2.60 16.5 
7 3.49 22.2 1.93 12.5 
8 3.44 22.5 2.66 17.5 
9 3.21 21.2 2.20 14.7 
10 3.89 25.5 2.32 15.3 
Average: 3.63 21.9 3.00 18.3 
 
Table C.2: Per push results from smooth tile terrain, gear 1, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 2.84 12.2 4.01 16.9 
2 3.61 18.1 4.38 21.2 
3 3.32 18.1 3.75 20.8 
4 3.00 17.6 4.29 25.4 
5 2.93 17.1 2.82 16.5 
6 3.30 19.8 3.22 19.6 
7 2.29 14.0 3.25 20.5 
8 2.71 16.6 3.03 18.8 
9 3.49 20.7 3.57 21.4 
10 2.76 17.1 2.71 16.7 
11 2.11 12.2 2.08 12.2 
Average: 2.94 16.7 3.37 19.1 
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Table C.3: Per push results from smooth tile terrain, gear 2, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 5.87 23.4 5.23 20.2 
2 4.82 20.7 3.99 17.2 
3 3.62 16.6 3.60 16.6 
4 3.43 17.1 2.75 13.6 
5 2.74 13.6 3.49 17.5 
6 3.40 17.4 2.95 15.2 
7 4.55 22.9 2.33 11.8 
Average: 4.06 18.8 3.48 16.0 
 
Table C.4: Per push results from smooth tile terrain, gear 2, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 6.94 26.4 7.89 29.9 
2 5.35 23.8 4.23 19.5 
3 3.90 19.4 4.73 24.0 
4 4.56 24.2 3.65 19.4 
5 4.30 22.9 3.32 18.0 
6 3.92 20.7 1.87 10.3 
7 3.06 16.4 2.15 11.8 
Average: 4.58 22.0 3.98 19.0 
 
Table C.5: Per push results from smooth tile terrain, gear 3, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 5.99 18.4 8.13 24.1 
2 3.75 14.3 5.54 21.2 
3 3.50 14.7 5.68 23.3 
4 3.41 15.1 5.22 23.0 
5 3.11 14.4 6.35 29.8 
6 2.78 13.3 3.25 15.7 
Average: 3.76 15.0 5.70 22.8 
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Table C.6: Per push results from smooth tile terrain, gear 3, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 6.29 23.9 7.74 27.9 
2 5.79 24.0 5.48 22.6 
3 3.98 18.3 3.82 17.5 
4 3.12 14.5 6.17 29.6 
5 2.97 13.9 5.16 24.7 
6 3.57 17.0 5.96 29.0 
Average: 4.29 18.6 5.72 25.2 
 
Table C.7: Per push results from smooth tile terrain, gear 4, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 9.25 28.6 12.5 36.6 
2 7.50 26.1 10.5 37.6 
3 5.68 21.9 7.56 29.4 
4 5.14 20.9 8.87 36.2 
Average: 6.89 24.4 9.87 34.9 
 
Table C.8: Per push results from smooth tile terrain, gear 4, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 10.2 33.2 11.9 36.3 
2 5.75 20.5 9.59 35.0 
3 4.33 16.8 6.74 26.5 
4 4.68 19.0 7.30 30.1 
Average: 6.25 22.4 8.87 32.0 
 
Table C.9: Per push results from smooth tile terrain, gear 5, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 15.0 35.2 22.2 53.8 
2 13.6 38.9 17.9 51.4 
3 13.2 40.2 18.0 54.8 
Average: 13.9 38.1 19.3 53.3 
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Table C.10: Per push results from smooth tile terrain, gear 5, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 16.5 36.4 16.4 34.4 
2 11.0 27.3 13.9 35.0 
3 9.75 26.5 10.5 28.6 
Average: 12.4 30.1 13.6 32.7 
 
C.1.2 Uphill Trials 
Table C.11: Per push results from uphill terrain, gear 1, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 7.21 23.5 8.63 28.9 
2 8.72 35.0 8.44 34.3 
3 7.42 25.2 7.53 25.1 
4 8.75 26.9 8.03 28.1 
5 8.56 21.6 3.95 11.1 
6 6.17 14.6 7.24 17.5 
7 6.81 18.1 7.33 20.6 
8 6.12 15.5 5.96 17.0 
Average: 7.47 22.5 7.14 22.8 
 
Table C.12: Per push results from uphill terrain, gear 1, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 7.96 31.8 7.34 27.9 
2 7.16 25.5 5.88 20.0 
3 8.01 25.1 6.80 20.7 
4 7.68 25.4 7.88 29.3 
5 9.03 28.2 9.34 33.1 
6 10.2 26.2 11.4 28.4 
7 7.41 28.7 7.48 28.3 
Average: 8.21 27.3 8.01 26.8 
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Table C.13: Per push results from uphill terrain, gear 2, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 8.70 23.2 8.84 24.5 
2 12.2 36.9 10.9 31.7 
3 10.9 35.3 10.2 31.6 
4 10.0 31.9 9.65 29.6 
Average: 10.4 31.8 9.92 29.4 
 
Table C.14: Per push results from uphill terrain, gear 2, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 12.2 43.1 11.9 40.5 
2 13.5 45.6 10.7 34.5 
3 11.8 38.6 11.7 35.8 
4 9.91 28.5 10.9 32.8 
Average: 11.9 38.9 11.3 35.9 
 
Table C.15: Per push results from uphill terrain, gear 3, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 18.5 53.1 17.9 52.6 
2 17.6 44.9 14.6 36.9 
3 14.6 34.7 12.3 27.5 
Average: 16.9 44.2 14.9 39.0 
 
Table C.16: Per push results from uphill terrain, gear 3, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 17.9 50.7 14.0 38.2 
2 17.6 47.1 16.3 43.2 
3 16.6 45.8 16.7 44.7 
Average: 17.3 47.9 15.7 42.0 
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Table C.17: Per push results from uphill terrain, gear 4, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 22.3 50.5 19.8 43.6 
2 20.0 46.1 17.9 40.7 
Average: 21.2 48.3 18.8 42.2 
 
Table C.18: Per push results from uphill terrain, gear 4, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 26.3 54.9 19.8 42.5 
2 20.7 47.9 21.8 47.8 
Average: 23.5 51.4 20.8 45.1 
 
C.1.3 Carpet Trials 
Table C.19: Per push results from carpet terrain, gear 1, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 6.88 23.7 4.17 14.8 
2 7.37 30.4 3.85 14.9 
3 7.27 33.0 4.33 18.3 
4 7.56 31.1 4.81 20.0 
5 5.00 21.0 7.28 30.7 
6 2.90 12.5 7.89 34.5 
7 2.66 11.2 7.16 31.4 
8 4.74 18.7 6.10 24.3 
9 3.47 11.3 6.79 23.3 
Average: 5.32 21.4 5.82 23.6 
 
Table C.20: Per push results from carpet terrain, gear 1, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 7.76 31.5 6.58 25.2 
2 6.63 28.4 4.41 17.5 
3 6.84 31.0 3.92 17.1 
4 5.80 24.2 8.21 35.6 
5 5.26 24.5 7.68 35.8 
6 5.38 24.3 6.93 28.2 
7 3.50 15.2 6.58 25.2 
Average: 5.88 25.6 6.45 27.5 
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Table C.21: Per push results from carpet terrain, gear 2, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 9.53 28.5 8.19 22.5 
2 7.91 27.8 6.92 22.7 
3 7.00 24.9 6.59 23.6 
4 4.51 15.3 9.95 35.8 
5 2.93 9.43 7.95 25.0 
Average: 6.38 21.2 7.92 25.9 
 
Table C.22: Per push results from carpet terrain, gear 2, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 8.07 26.7 8.10 28.3 
2 6.99 24.8 4.01 14.2 
3 7.89 28.1 5.86 20.5 
4 5.77 20.6 9.70 36.0 
5 6.12 18.2 10.7 33.8 
Average: 6.97 23.7 7.68 26.5 
 
Table C.23: Per push results from carpet terrain, gear 3, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 10.8 24.0 9.45 21.1 
2 8.35 22.0 11.5 31.6 
3 10.1 26.2 8.40 21.2 
4 4.97 14.8 19.1 58.6 
Average: 8.56 21.8 12.1 33.1 
 
Table C.24: Per push results from carpet terrain, gear 3, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 13.7 29.6 11.5 22.1 
2 11.4 31.0 9.37 25.0 
3 5.04 13.2 14.5 39.6 
4 5.67 12.5 11.4 24.9 
Average: 8.95 21.6 11.7 27.9 
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Table C.25: Per push results from carpet terrain, gear 4, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 19.5 35.8 11.3 23.1 
2 11.7 24.9 13.9 28.3 
3 7.21 15.4 18.2 41.8 
4 6.97 15.6 18.6 41.5 
Average: 11.3 22.9 15.5 33.7 
 
Table C.26: Per push results from carpet terrain, gear 4, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 14.2 30.8 11.6 27.4 
2 10.7 26.1 17.5 45.5 
3 3.31 8.55 19.6 52.9 
Average: 9.39 21.8 16.2 41.9 
Table C.27: Per push results from carpet terrain, gear 5, trial 1 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 18.6 20.4 14.7 19.9 
2 10.1 11.3 18.6 20.2 
Average: 14.4 15.9 16.7 20.0 
 
Table C.28: Per push results from carpet terrain, gear 5, trial 2 
Push # 
Peak Left Wheel Values Peak Right Wheel Values 
Torque (Nm) Power (W) Torque (Nm) Power (W) 
1 19.4 35.4 13.1 17.5 
2 16.0 18.5 20.2 28.8 
Average: 17.7 26.9 16.7 23.2 
 
